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$FNQRZOHGJPHQWV
, ZRXOG OLNH WR WKDQN DOO RI P\ FRDXWKRUV ZLWKRXW ZKRP WKLV GLVVHUWDWLRQ ZRXOG QRW EH SRV
VLEOH (ULF .RUW $GDP +LUVFK (G 'OXJRNHQFN\ $UO\Q $QGUHZV ;LDRIHQJ ;X +DQTLQ 7LDQ
7KRPDV 1HKUNRUQ -DQXV] (OXV]NLHZLF] 7DO\D +DYLFH -HG .DSODQ 3DWULFLD /HYL %RZHQ =KDQJ
6HEDVWLHQ %LUDXG 0DUF )LVFKHU *UHHW -DQVVHQV0DHQKRXW %HQ 0LOOHU -RKQ 0LOOHU 6WHSKHQ 0RQW]ND
&ROP 6ZHHQH\ 0DWW +D\HN ,QH] )XQJ -XQMLH /LX -RVK %HQPHUJXL -RVHSK 0HOWRQ DQG 'RXJ
:RUWK\ , DP DOVR LQGHEWHG WR P\ 3K' DGYLVRUV 6WHYHQ :RIV\ DQG $QQD 0LFKDODN %RWK KDYH
EHHQ EULOOLDQW PHQWRUV WKURXJKRXW WKH SDVW VL[ \HDUV , ZRXOG DOVR OLNH WR WKDQN WKH HQWLUH :RIV\
JURXS IRU WKHLU VXSSRUW DQG IRU EHLQJ D DPD]LQJ JURXS RI SHRSOH WR ZRUN ZLWK /DVW EXW QRW
OHDVW , ZRXOG OLNH WRW WKDQN VHYHUDO RUJDQL]DWLRQV IRU IXQGLQJ P\ 3K' $PHULFDQ 0HWHRURORJ
LFDO 6RFLHW\ *UDGXDWH )HOORZVKLS 'HSDUWPHQW RI (QHUJ\ &RPSXWDWLRQDO 6FLHQFH *UDGXDWH )HO
ORZVKLS DQG WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ *UDGXDWH 5HVHDUFK )HOORZVKLS %HFDXVH RI WKHVH
IHOORZVKLSV , KDG LPPHQVH IUHHGRP LQ P\ 3K' WR SXUVXH P\ LQWHOOHFWXDO LQWHUHVWV DQG IRU WKDW ,
DP H[WUHPHO\ JUDWHIXO
[LLL
,QWURGXFWLRQ
*UHHQKRXVH JDV HPLVVLRQV SOD\ D SLYRWDO UROH LQ FOLPDWH FKDQJH EXW WKH GLVWULEXWLRQ RI WKHVH
HPLVVLRQV IURP GLIIHUHQW VRXUFHV DFURVV WKH JOREH LV RIWHQ SRRUO\ XQGHUVWRRG 7KLV WKHVLV IRFXVHV
RQ VRXUFHV RI QLWURXV R[LGH 12 DQG PHWKDQH &+ HVWLPDWHG XVLQJ DWPRVSKHULF REVHUYDWLRQV
12 LV WKH WKLUGPRVW LPSRUWDQW ORQJOLYHG JUHHQKRXVH JDV DIWHU FDUERQ GLR[LGH &2 DQG
&+ %XWOHU  $ VLJQLÀFDQW IUDFWLRQ RI 12 HPLVVLRQV RFFXU LQ DJULFXOWXUDO VRLOV ZKHQ QL
WURJHQ LQ IHUWLOL]HU RU PDQXUH FKDQJHV FKHPLFDO IRUP DQG HVFDSHV WR WKH DWPRVSKHUH HJ 5DKQ
	 :DKOHQ  5RFNPDQQ HW DO  /DUJH XQFHUWDLQWLHV UHPDLQ LQ NQRZOHGJH RI FRQWLQHQWDO
VFDOH 12 HPLVVLRQV DQG WKH XQGHUO\LQJ VRLO SURFHVVHV )RU H[DPSOH H[LVWLQJ LQYHQWRULHV GLV
DJUHH E\ D IDFWRU RI ÀYH RQ WRWDO 86 HPLVVLRQV DQG RQ ZKHUH WKH ODUJHVW HPLVVLRQV RFFXU ² ZKHWKHU
LQ ,RZD RU WKH *XOI &RDVW (XURSHDQ &RPLVVLRQ -RLQW 5HVHDUFK &HQWHU -5& 1HWKHUODQGV (QYL
URQPHQWDO $VVHVVPHQW $JHQF\ 3%/  7LDQ HW DO 
,Q FRQWUDVW WR 12 &+ LV HPLWWHG WR WKH DWPRVSKHUH IURP D GLYHUVH DUUD\ RI VRXUFHV LQFOXG
LQJ ZHWODQGV DJULFXOWXUH QDWXUDO JDV RSHUDWLRQV DQG ODQGÀOOV HJ &LDLV HW DO  .LUVFKNH
HW DO  ([LVWLQJ HPLVVLRQV LQYHQWRULHV KRZHYHU SURYLGH OLWWOH FRQVHQVXV RQ QDWLRQDOVFDOH

86 HPLVVLRQV DQG WKHVH XQFHUWDLQWLHV KDYH PDQLIHVWHG UHFHQWO\ LQ D FRQWHQWLRXV SXEOLF GHEDWH
RYHU K\GUDXOLF IUDFWXULQJ DQG QDWXUDO JDV H[WUDFWLRQ %RWWRPXS DQWKURSRJHQLF LQYHQWRULHV IURP
86 (3$ DQG ('*$5 JLYH WRWDOV UDQJLQJ IURP  WR  7J& \U? 2OLYLHU 	 3HWHUV  86
(3$  7KH PRVW UHFHQW (3$ DQG ('*$5 LQYHQWRULHV UHSRUW ORZHU 86 HPLVVLRQV FRPSDUHG
WR SUHYLRXV YHUVLRQV GHFUHDVHG E\  DQG  UHVSHFWLYHO\ 86 (3$  (XURSHDQ &RPLV
VLRQ -RLQW 5HVHDUFK &HQWHU -5& 1HWKHUODQGV (QYLURQPHQWDO $VVHVVPHQW $JHQF\ 3%/ 
WKLV FKDQJH SULPDULO\ UHÁHFWV ORZHU UHYLVHG HPLVVLRQV HVWLPDWHV IURP QDWXUDO JDV DQG FRDO SUR
GXFWLRQ
:HWODQG PHWKDQH HVWLPDWHV DUH DV XQFHUWDLQ DV DQWKURSRJHQLF LQYHQWRULHV 2YHU WLPH ELRJHR
FKHPLFDO PRGHOV RI WKHVH ÁX[HV KDYH EHFRPH LQFUHDVLQJO\ VRSKLVWLFDWHG RU FRPSOH[ +RZHYHU
WKHVH PRGHOV VWLOO GLVDJUHH E\ DQ RUGHU RI PDJQLWXGH RYHU FRXQWULHV OLNH &DQDGD HJ 0HOWRQ
HW DO D )XUWKHUPRUH WKH LQSXWV LQWR ELRJHRFKHPLFDO PHWKDQH PRGHOV LQFOXGLQJ PDSV RI
VRLO PRLVWXUH DQG VRLO FDUERQ DUH KLJKO\ XQFHUWDLQ DV DUH WKH HIIHFWV RI WKRVH LQSXWV RQ PHWKDQH
ÁX[HV HJ 0HOWRQ HW DO D :DQLD HW DO 
7KLV WKHVLV H[SORUHV 12 DQG &+ HPLVVLRQV IURP D YDULHW\ RI VRXUFHV DFURVV 1RUWK $PHU
LFD LQ RUGHU WR GHWHUPLQH WKH UHODWLYH FRQWULEXWLRQ RI GLIIHUHQW KXPDQ DFWLYLWLHV DQG WR IDFLOLWDWH
LPSURYHG SURMHFWLRQV RI IXWXUH DWPRVSKHULF JUHHQKRXVH JDV FRQFHQWUDWLRQV (IIHFWLYH UHGXFWLRQ
VWUDWHJLHV IRU JUHHQKRXVH JDV HPLVVLRQV GHSHQG XSRQ UHOLDEOH HVWLPDWHV RI WKRVH HPLVVLRQV DQG D
PHDQV WR WUDFN IXWXUH FKDQJHV
,Q SDUWLFXODU WKH VWXGLHV SUHVHQWHG KHUH DQVZHU WKHVH TXHVWLRQV XVLQJ DWPRVSKHULF JUHHQ
KRXVH JDV REVHUYDWLRQV D VRFDOOHG ¶WRSGRZQ· DSSURDFK $WPRVSKHULF REVHUYDWLRQV ¶VHH· WKH FX
PXODWLYH HIIHFW RI HPLVVLRQV DW WKH (DUWK·V VXUIDFH (PLVVLRQV LQYHQWRULHV E\ FRQWUDVW RIWHQ XVH
DQ DFFRXQWLQJ SURFHVV WR WDOO\ XS LQGLYLGXDO VRXUFHV RU ÁX[ SURFHVVHV 7KHVH HVWLPDWHV DUH EDVHG
XSRQ GHWDLOHG HPLVVLRQV IDFWRUV IRU LQGLYLGXDO SURFHVVHV $ FKDOOHQJH RI WKLV DSSURDFK LV WKDW XQ
FHUWDLQWLHV FRPSRXQG ZKHQ HVWLPDWHV DUH VXPPHG RYHU PXOWLSOH VRXUFH W\SHV DQG H[WUDSRODWHG

WR QDWLRQDO VFDOH $WPRVSKHULF REVHUYDWLRQV SURYLGH DQ REMHFWLYH WRRO WR GHWHUPLQH ZKHWKHU WKH
VXP RI DOO VRXUFHV LQ WKH LQYHQWRU\ HTXDOV WKH WRWDO PHWKDQH PHDVXUHG LQ WKH DWPRVSKHUH
7UDGLWLRQDOO\ ERWWRPXS DQG WRSGRZQ HVWLPDWHV KDYH EHHQ GLIÀFXOW WR UHFRQFLOH EHFDXVH WKH
IRUPHU UHOLHV XSRQ GHWDLOHG HPLVVLRQV IDFWRUV DQG WKH ODWWHU RIWHQ SURYLGHV RQO\ DJJUHJDWH HPLV
VLRQV WRWDOV ,Q WKLV GLVVHUWDWLRQ ZH XVH DWPRVSKHULF GDWD WR HVWLPDWH PRUH WKDQ MXVW WRWDO HPLV
VLRQV EXW DOVR WR XQGHUVWDQG KRZ DQG ZK\ WKHVH JDVHV ZHUH HPLWWHG ² D JRDO WKDW EULGJHV WKH
GLVFRQQHFW EHWZHHQ ELRORJLVWV DQG JRYHUQPHQW UHJXODWRUV ZKR FUHDWH WKH ERWWRPXS PRGHOV DQG
VFLHQWLVWV ZKR XVH WRSGRZQ DWPRVSKHULF GDWD
,Q DGGLWLRQ WR DQDO\]LQJ HPSLULFDO GDWD WKH UHVHDUFK SUHVHQWHG KHUH DOVR H[SORUHV QHZ ZD\V
WR XWLOL]H OLPLWHG DYDLODEOH JUHHQKRXVH JDV GDWD :H IXUWKHU GHYHORS VWDWLVWLFDO DQG PHWHRURORJ
LFDO PRGHOLQJ IUDPHZRUNV WR H[WUDFW WKH PRVW LQIRUPDWLRQ SRVVLEOH IURP D GLYHUVH VHW RI DWPR
VSKHULF ZHDWKHU HFRQRPLF DQG ODQG XVH GDWD )RU H[DPSOH FKDSWHU  H[SORUHV KRZ WR FRQVWUXFW
LQYHUVH SUREOHPV WKDW KDYH D NQRZQ FRQVWUDLQW HJ WKH HPLVVLRQV PXVW EH QRQQHJDWLYH $Q
RWKHU FKDSWHU GHOYHV LQWR WKH HIIHFWV RI VSDWLDOO\ DQG WHPSRUDOO\FRUUHODWHG DWPRVSKHULF WUDQV
SRUW HUURUV RQ HVWLPDWHG JUHHQKRXVH JDV ÁX[HV ,Q WKDW VWXG\ ZH H[DPLQHG WKHVH HUURUV LQ FRQ
WH[W RI &2
7KLV WKHVLV H[DPLQHV DOO RI WKH TXHVWLRQV SRVHG DERYH WKURXJK VHYHQ LQGLYLGXDO FKDSWHUV RU
VWXGLHV &KDSWHU RQH IRFXVHV RQ HPLVVLRQV RI 12 ZKLOH FKDSWHUV WZR WKURXJK ÀYH H[SORUH ERWK
DQWKURSRJHQLF DQG QDWXUDO PHWKDQH VRXUFHV 7KH ODVW WZR FKDSWHUV VL[ WKURXJK VHYHQ H[DPLQH
WZR GLIIHUHQW IDFHWV RI KRZ WR EHVW XWLOL]H OLPLWHG DWPRVSKHULF JUHHQKRXVH JDV REVHUYDWLRQV

5HJLRQDO VRXUFHV RI QLWURXV R[LGH RYHU WKH 8QLWHG 6WDWHV VHD
VRQDO YDULDWLRQ DQG VSDWLDO GLVWULEXWLRQ
7KLV FKDSWHU RULJLQDOO\ DSSHDUHG DV D UHVHDUFK DUWLFOH LQ WKH -RXUQDO RI *HRSK\VLFDO 5HVHDUFK ² $WPR
VSKHUHV )RU WKH RULJLQDO DUWLFOH UHIHU WR 0LOOHU HW DO E
7KLV FKDSWHU SUHVHQWV WRSGRZQ FRQVWUDLQWV RQ WKH PDJQLWXGH VSDWLDO GLVWULEXWLRQ DQG VHDVRQ
DOLW\ RI QLWURXV R[LGH 12 HPLVVLRQV RYHU WKH FHQWUDO 8QLWHG 6WDWHV :H DQDO\]H GDWD IURP WDOO
WRZHUV LQ  DQG  XVLQJ D KLJK UHVROXWLRQ /DJUDQJLDQ SDUWLFOH GLVSHUVLRQ PRGHO SDLUHG
ZLWK ERWK JHRVWDWLVWLFDO DQG %D\HVLDQ LQYHUVLRQV 2XU UHVXOWV LQGLFDWH SHDN 12 HPLVVLRQV LQ
-XQH ZLWK D VWURQJ VHDVRQDO F\FOH 7KH VSDWLDO GLVWULEXWLRQ RI VRXUFHV FORVHO\ PLUURUV GDWD RQ IHU
WLOL]HU DSSOLFDWLRQ ZLWK SDUWLFXODUO\ ODUJH 12 VRXUFHV RYHU WKH 86 &RUQEHOW ([LVWLQJ LQYHQWRULHV
IRU 12 SUHGLFW HPLVVLRQV WKDW GLIIHU VXEVWDQWLDOO\ IURP WKH LQYHUVH PRGHO UHVXOWV LQ ERWK VHD
VRQDO F\FOH DQG PDJQLWXGH :H HVWLPDWH D WRWDO DQQXDO 12 EXGJHW RYHU WKH FHQWUDO 86 RI  ²
 7J1\U DQG DQ H[WUDSRODWHG EXGJHW IRU WKH HQWLUH 86 DQG &DQDGD RI  ²  7J1\U %\ WKLV

HVWLPDWH WKH 86 DQG &DQDGD DFFRXQW IRU  ²  RI WKH WRWDO JOREDO 12 VRXUFH RU ² RI
WKH JOREDO DQWKURSRJHQLF VRXUFH DV UHSRUWHG E\ WKH ,3&& LQ 
 ,QWURGXFWLRQ
1LWURXV R[LGH 12 SOD\V D FULWLFDO UROH LQ ERWK VWUDWRVSKHULF R]RQH GHSOHWLRQ DQG FOLPDWH FKDQJH
,Q WKH VWUDWRVSKHUH LW FDQ UHDFW ZLWK H[FLWHG R[\JHQ DWRPV WR SURGXFH 12[ UDGLFDOV ZKLFK LQ
WXUQ FDQ FDWDO\]H VWUDWRVSKHULF R]RQH GHVWUXFWLRQ 1HYLVRQ 	 +ROODQG  5DYLVKDQNDUD HW DO
 0RUHRYHU 12 LV D SRWHQW JUHHQKRXVH JDV ZLWK D JOREDO ZDUPLQJ SRWHQWLDO RI  RQ D
 \HDU WLPHVFDOH )RUVWHU HW DO  :LWK WKH FRQWLQXHG GHFOLQH RI DWPRVSKHULF &)& FRQFHQ
WUDWLRQV 12 LV QRZ WKH WKLUG PRVW LPSRUWDQW ORQJOLYHG DQWKURSRJHQLF JUHHQKRXVH JDV LQ WHUPV
RI UDGLDWLYH IRUFLQJ  :P LQ  DQ  LQFUHDVH VLQFH  %XWOHU 
$QWKURSRJHQLF VRXUFHV RI QLWURXV R[LGH LQFOXGH DJULFXOWXUH IRVVLO IXHO FRPEXVWLRQ DQG ELRPDVV
EXUQLQJ &RPPLVVVLRQ  'HQPDQ HW DO  ,VRWRSLF 12 PHDVXUHPHQWV VXJJHVW WKDW
DJULFXOWXUH DQG DVVRFLDWHG IHUWLOL]HU XVH DUH WKH ODUJHVW DQWKURSRJHQLF 12 VRXUFHV JOREDOO\ 5DKQ
	 :DKOHQ  5RFNPDQQ HW DO  7KH DWPRVSKHULF OLIHWLPH RI 12 LV UHODWLYHO\ ORQJ DW
DERXW  \HDUV DQG WKH SULPDU\ VLQN RI 12 LV ORVV LQ WKH VWUDWRVSKHUH 0RQW]ND  7R
WDO DQQXDO JOREDO HPLVVLRQV ∼ 7J1\U DUH DSSUR[LPDWHO\  ²  KLJKHU WKDQ LQ SUH
LQGXVWULDO WLPHV DQG FRQWLQXH WR ULVH 'HQPDQ HW DO  $V D UHVXOW JOREDO 12 PL[LQJ UD
WLRV KDYH EHHQ LQFUHDVLQJ VWHDGLO\ E\ DERXW  ²  SHU \HDU DERXW  ±  SSE\HDU RU 
7J1\U +LUVFK HW DO 
%HFDXVH RI WKH ORQJ OLIHWLPH RI 12 VSDWLDO DQG WHPSRUDO FKDQJHV LQ 12 PL[LQJ UDWLRV DUH
YHU\ VPDOO DQG UHPDLQ FKDOOHQJLQJ WR PHDVXUH DFFXUDWHO\ )RU H[DPSOH WKH VHDVRQDO F\FOH DW
0DFH +HDG ,UHODQG LV RQO\  UHODWLYH WR WKH PHDQ DEXQGDQFH +LUVFK HW DO  7KH FRP
ELQDWLRQ RI D ORQJ OLIHWLPH GLIIXVH VRXUFHV DQG D ORZ VLJQDOWRQRLVH UDWLR LQ WKH PHDVXUHPHQWV

PHDQV WKDW WKH 12 LQFUHPHQW GXH WR UHJLRQDO VRXUFHV LV YHU\ GLIÀFXOW WR HVWLPDWH DQG YHULI\
+LUVFK HW DO  ,Q DGGLWLRQ WKH SHUFHQWDJH RI QLWURJHQ UHOHDVHG DV 12 DIWHU IHUWLOL]HU DSSOL
FDWLRQ LV YHU\ XQFHUWDLQ DQG UDQJHV IURP  ²   %RXZPDQ  7KH GLYHUVLW\ RI IHUWLOL]HU
DSSOLFDWLRQ SURFHVVHV DQG FRQGLWLRQV UHVXOWV LQ HPLVVLRQV WKDW VKRZ ODUJH VSDWLDO DQG WHPSRUDO
ÁXFWXDWLRQV DQG DUH GLIÀFXOW WR FRQVWUDLQ $V D UHVXOW H[LVWLQJ HVWLPDWHV RI 12 HPLVVLRQV ERWK
PDJQLWXGHV DQG VHDVRQDO WUHQGV DUH KLJKO\ XQFHUWDLQ +LUVFK HW DO  .RUW HW DO  
 &XUUHQW HPLVVLRQV HVWLPDWHV RYHU 1RUWK $PHULFD IRU H[DPSOH PD\ EH WRR ORZ E\ DV PXFK
DV D IDFWRU RI WKUHH .RUW HW DO  
7KH KLJK GHJUHH RI XQFHUWDLQW\ LQ 12 HPLVVLRQV FRPSOLFDWHV HIIRUWV WR UHJXODWH VRXUFHV XQGHU
JOREDO DQG UHJLRQDO FOLPDWH FKDQJH DJUHHPHQWV $W WKH JOREDO VFDOH WKH .\RWR 3URWRFRO LQFOXGHG
12 DV RQH RI WKH VL[ JUHHQKRXVH JDVHV WDUJHWHG IRU UHGXFWLRQV :LWKLQ WKH 86 VHYHUDO VWDWH DQG
UHJLRQDO UHJXODWLRQV WDUJHW 12 HPLVVLRQV DV ZHOO 1(*(&3  :HVWHUQ &OLPDWH ,QLWLDWLYH
 )RU H[DPSOH WKH 0LGZHVWHUQ *UHHQKRXVH *DV 5HGXFWLRQ $FFRUG DQ DJUHHPHQW DPRQJ
 VWDWHV LQ WKH PLGZHVWHUQ 86 UHFRPPHQGV D  UHGXFWLRQ LQ  JUHHQKRXVH JDV HPLVVLRQV
E\  $GYLVRU\ JURXS UHFRPPHQGDWLRQV LQFOXGH 12 DV RQH RI WKH VL[ WDUJHWHG FDWHJRULHV RI
VSHFLHV $GYLVRU\ JURXS WR WKH 0LGZHVWHUQ *UHHQKRXVH *DV 5HGXFWLRQ $FFRUG 0**5$ 
*LYHQ XQFHUWDLQWLHV LQ HPLVVLRQV HVWLPDWHV WKDW DUH ∼[ ODUJHU WKDQ UHGXFWLRQ JRDOV LW LV YHU\
GLIÀFXOW DW SUHVHQW WR PDNH UHOLDEOH EDVHOLQH LQYHQWRULHV DQG WUDFN SURJUHVV WRZDUG GHVLJQDWHG
WDUJHWV
6HYHUDO H[LVWLQJ VWXGLHV SURYLGH JOREDO WR UHJLRQDOVFDOH FRQVWUDLQWV RQ 12 HPLVVLRQV 3ULQQ
HW DO  +LUVFK HW DO  +XDQJ HW DO  DQG .RUW HW DO  GHULYHG WRSGRZQ
HPLVVLRQV FRQVWUDLQWV RYHU ODUJH JOREDO UHJLRQV 0RUH UHFHQW VWXGLHV SURYLGH UHJLRQDOVFDOH HPLV
VLRQV HVWLPDWHV RYHU (XURSH 0DQQLQJ HW DO  7KRPSVRQ HW DO  &RUD]]D HW DO 
0DQQLQJ HW DO  7RSGRZQ HVWLPDWHV RYHU 1RUWK $PHULFD DUH PRUH OLPLWHG .RUW HW DO
  XVHG WDOO WRZHU DQG DLUFUDIW GDWD WR PDNH FRQWLQHQWDOVFDOH LPSURYHPHQWV WR H[LVWLQJ

HPLVVLRQV HVWLPDWHV IRU 1RUWK $PHULFD 0XOWLSOH VWXGLHV FRQVLVWHQWO\ ÀQG QRUWKHUQ KHPLVSKHUH
HPLVVLRQV WKDW DUH VLJQLÀFDQWO\ KLJKHU WKDQ H[LVWLQJ LQYHQWRULHV +LUVFK HW DO  +XDQJ HW DO
 .RUW HW DO  
7KH SUHVHQW SDSHU SURYLGHV GHWDLOHG VSDWLDO DQG WHPSRUDO LQIRUPDWLRQ RQ WKH PDJQLWXGH RI
12 HPLVVLRQV RYHU WKH 8QLWHG 6WDWHV DW PXFK ÀQHU UHVROXWLRQ WKDQ SUHYLRXVO\ SRVVLEOH :H
FRPELQH GDWD IURP D QHWZRUN RI WDOO WRZHU PHDVXUHPHQWV ZLWK KLJKUHVROXWLRQ DWPRVSKHULF VLP
XODWLRQV WR SURYLGH UHJLRQDOVFDOH HPLVVLRQV HVWLPDWHV LQ WLPH DQG VSDFH UHSUHVHQWLQJ LPSRUWDQW
EDVHOLQH LQIRUPDWLRQ IRU JUHHQKRXVH JDV UHJXODWLRQ
 7KH 0RGHO'DWD )UDPHZRUN
 %DFNJURXQG WR WKH 67,/7 PRGHO
7KLV VWXG\ UHOLHV RQ 67,/7 WKH 6WRFKDVWLF 7LPH,QYHUWHG /DJUDQJLDQ 7UDQVSRUW 0RGHO IRU VLPX
ODWLRQV RI DWPRVSKHULF 12 FRQFHQWUDWLRQV 67,/7 LV D SDUWLFOHIROORZLQJ PRGHO EDVHG VWURQJO\
RQ WKH +<63/,7 PRGHO 'UD[OHU 	 +HVV  67,/7 UHOHDVHV DQ HQVHPEOH RI LPDJLQDU\ DLU
SDUWLFOHV IURP D UHFHSWRU SRLQW D VLQJOH ORFDWLRQ LQ VSDFH DQG WLPH )RU RXU VWXG\ ZH VHW XS
WKH PRGHO WR VHQG  SDUWLFOHV  GD\V EDFNZDUG LQ WLPH IROORZLQJ WKH ZLQGV LQ DQ DVVLPL
ODWHG PHVRVFDOH PHWHRURORJLFDO PRGHO 7KH VXUIDFH VRXUFHV WKDW WKHVH SDUWLFOHV HQFRXQWHU DUH
XVHG WR FDOFXODWH WKH FRQWULEXWLRQ RI FRQWLQHQWDO VRXUFHV VHHQ DW WKH UHFHSWRU SRLQW ,Q SDUWLFX
ODU 67,/7 DVVXPHV WKDW DOO VXUIDFH VRXUFHV ZLOO EH ZHOOPL[HG XS WR KDOI WKH PRGHOHG ERXQGDU\
OD\HU KHLJKW 3DUWLFOHV EHORZ WKLV KHLJKW VHH LQÁXHQFH IURP VXUIDFH VRXUFHV ZKLOH WKRVH DERYH GR
QRW 67,/7 WKHQ FDOFXODWHV DQ LQÁXHQFH IRRWSULQW EDVHG RQ WKH QXPEHU DQG GXUDWLRQ RI SDUWLFOHV
LQ WKLV VXUIDFH OD\HU 7KH LQÁXHQFH IRRWSULQW ZKHQ PXOWLSOLHG E\ DQ HPLVVLRQV LQYHQWRU\ DQG
VXPPHG RYHU DOO JHRJUDSKLF UHJLRQV SURYLGHV DQ HVWLPDWH RI WKH FRQWLQHQWDO VRXUFH VLJQDO VHHQ
DW WKH UHFHSWRU 7KLV FRQWLQHQWDO VLJQDO LV DGGHG WR D PRGHOHG ERXQGDU\ FRQGLWLRQ LH ² WKH PL[

LQJ UDWLR LQ ¶FOHDQ· DLU EHIRUH UHDFKLQJ 1RUWK $PHULFD WR HVWLPDWH WKH WRWDO PL[LQJ UDWLR VHHQ DW
WKH UHFHSWRU SRLQW 7KH YHU\ GHWDLOHG UHQGLWLRQ RI PL[LQJ UDWLR ÁXFWXDWLRQV SURYLGHG E\ 67,/7
FDQ EH YDOLGDWHG DJDLQVW LQGLYLGXDO PHDVXUHPHQWV WDNHQ DW WKH UHFHSWRU XVXDOO\ D WDOO WRZHU
RU DLUFUDIW PLVVLRQ SURYLGLQJ D SRZHUIXO IUDPHZRUN IRU DVVHVVLQJ XSZLQG VXUIDFH RU YROXPH
VRXUFHV 3UHYLRXV VWXGLHV KDYH DSSOLHG 67,/7 WR D ZLGH UDQJH RI DWPRVSKHULF WUDFH JDVHV LQFOXG
LQJ &2 &2 PHWKDQH DQG 12 LH ² *HUELJ HW DO  /LQ HW DO  /LQ 	 *HUELJ 
0DWURVV HW DO  .RUW HW DO  0LOOHU HW DO  *RXUGML HW DO  7KRPSVRQ HW DO
 /LQ HW DO  DQG *HUELJ HW DO  SURYLGH D GHWDLOHG H[SODQDWLRQ RI 67,/7 PRGHO
WKHRU\ DQG VWUXFWXUH
 8QGHUO\LQJ PHWHRURORJLFDO GULYHUV
67,/7 VLPXODWLRQV LQ WKLV VWXG\ XVH :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ :5) DVVLPLODWHG PH
WHRURORJLFDO ÀHOGV YHUVLRQ  6NDPDURFN HW DO  1HKUNRUQ HW DO  DQG WKH %UD]LOLDQ
5HJLRQDO $WPRVSKHULF 0RGHOLQJ 6\VWHP %5$06 Y  3LHONH HW DO  &RWWRQ HW DO 
6DQFKH]&FR\OOR HW DO  %5$06 VLPXODWLRQV NP UHVROXWLRQ ZHUH RQO\ DYDLODEOH IRU WKH
\HDU  7KH OLPLWHG 67,/7%5$06 UXQV DUH FRPSOHPHQWHG E\ 67,/7:5) UXQV IRU DOO WLPH
SHULRGV
:5) PRGHO VLPXODWLRQV XVH D QHVWHG PHWHRURORJLFDO JULG UHVROXWLRQ NP UHVROXWLRQ ZLQG
ÀHOGV GULYH SDUWLFOH WUDMHFWRULHV RYHU PRVW RI WKH FRQWLQHQWDO 86 DQG VRXWKHUQ &DQDGD NP UHV
ROXWLRQ ZLQG ÀHOGV GULYH WUDMHFWRULHV DV WKH SDUWLFOHV WUDYHO WR PRUH GLVWDQW UHJLRQV 7KLV QHVWHG
ZLQG ÀHOG VWUXFWXUH DIIRUGV KLJKHU ÀGHOLW\ VRXUFH DWWULEXWLRQ QHDU WKH UHFHSWRU ZKLOH VWLOO PDLQ
WDLQLQJ UHDVRQDEOH FRPSXWDWLRQDO FRVWV 1HKUNRUQ HW DO  SURYLGH D IXOO GHVFULSWLRQ RI WKH
:5) VLPXODWLRQV XVHG LQ 67,/7
%5$06 ZLQG ÀHOGV Y  ZHUH EDVHG VWURQJO\ RQ WKH 5HJLRQDO $WPRVSKHULF 0RGHOLQJ 6\V
WHP 5$06 &RWWRQ HW DO  ZLWK VHYHUDO XSGDWHV QHZ SDUDPHWHUL]DWLRQV IRU FRQYHFWLRQ

VKDOORZ DQG GHHS DQG WXUEXOHQFH DORQJ ZLWK PRGLÀHG GLDJQRVWLF RXWSXWV WR HQVXUH PDVV FRQ
VHUYDWLRQ WR YHU\ KLJK DFFXUDF\ $OO VLPXODWLRQV DSSO\ D PDVV FRQVHUYDWLRQ À[ IURP 0HGYLJ\
HW DO  67,/7 SDUDPHWHUL]HV ERXQGDU\ OD\HU WXUEXOHQFH DV D 0DUNRY FKDLQ SURFHVV /LQ
HW DO  DQG ERWK :5) DQG %5$06 XVH D *UHOO  'HYHQ\L VFKHPH IRU FRQYHFWLRQ *UHOO 	
'HYHQ\L  %5$06 HVWLPDWHV ERXQGDU\ OD\HU KHLJKW LQ DFFRUGDQFH ZLWK 9RJHOH]DQJ 	 +ROW
VODJ  DQG :5) XVHV D <RQVHL 8QLYHUVLW\ 6FKHPH )DVW  7KHVH WZR DSSURDFKHV JLYH
VRPHZKDW GLIIHUHQW HVWLPDWHV IRU 3%/ KHLJKW DQG H[FKDQJH UDWHV VHH 6HFWLRQ 
 (PLVVLRQV LQYHQWRULHV
:H SDLU WKH 67,/7 PRGHO ZLWK IRXU GLIIHUHQW 12 HPLVVLRQV LQYHQWRULHV ('*$5 Y  ('*$5
)7  *(,$ DQG WKH '\QDPLF /DQG(FRV\VWHP 0RGHO '/(0 VHH )LJ  7KH ('*$5
LQYHQWRULHV LQFOXGH DQWKURSRJHQLF 12 VRXUFHV LQFOXGLQJ VRXUFHV IURP DJULFXOWXUH RQ D .◦ E\
.◦ DQG ◦ E\ ◦ ORQJLWXGHODWLWXGH JULG UHVSHFWLYHO\ IRU Y  DQG )7 2OLYLHU 	 3HWHUV
 (XURSHDQ &RPLVVLRQ -RLQW 5HVHDUFK &HQWHU -5& 1HWKHUODQGV (QYLURQPHQWDO $VVHVV
PHQW $JHQF\ 3%/  ('*$5 Y  LQFRUSRUDWHG LQWR 67,/7 DW D 
◦ ORQJLWXGH E\ 
◦ ODWLWXGH
UHVROXWLRQ LV WKH PRUH UHFHQW KLJKHUUHVROXWLRQ XSGDWH WR ('*$5 )7 ZKLOH WKH QHZHU
LQYHQWRU\ KDV D VLPLODU VSDWLDO GLVWULEXWLRQ WKH HVWLPDWHG PDJQLWXGH RI ÁX[HV LV ORZHU *(,$
LQFRUSRUDWHV ERWK DQWKURSRJHQLF DQG QDWXUDO VRXUFHV DOVR RQ D ◦ E\ ◦ JULG %RXZPDQ HW DO
 $OO WKUHH LQYHQWRULHV DUH FRQVWDQW LQ WLPH
'/(0 D SURFHVVEDVHG ELRJHRFKHPLFDO PRGHO HVWLPDWHV 12 IURP QDWXUDO VRXUFHV DQG IURP
DJULFXOWXUH 7LDQ HW DO   7KH 12 PRGHO VLPXODWHV QLWULÀFDWLRQ DQG GHQLWULÀFDWLRQ
SURFHVVHV DV D IXQFWLRQ RI DPPRQLXP DQG QLWUDWH FRQFHQWUDWLRQV VRLO WHPSHUDWXUH DQG VRLO PRLV
WXUH $FFRUGLQJ WR 7LDQ HW DO  '/(0 PRGHO SDUDPHWHUV DUH WKHQ RSWLPL]HG XVLQJ VHYHUDO
$PHULÁX[ VLWHV 'DLO\ HPLVVLRQV HVWLPDWHV DUH DYDLODEOH IURP  ²  DW D  NP [  NP UHV
ROXWLRQ LQFRUSRUDWHG LQWR 67,/7 RQ D 
◦ E\ 
◦ ORQJLWXGH ODWLWXGH JULG  )RU DOO 67,/7 VLPXOD

EDGAR32 Inventory DLEM Inventory
0.0001
0.0002
0.0003
0.0004
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)LJXUH  *UDSKLFDO SORWV RI WKH GLIIHUHQW 12 HPLVVLRQV LQYHQWRULHV IRU  %HFDXVH '/(0 LV D GDLO\
LQYHQWRU\ WKH SORW DERYH VKRZV DYHUDJH ÁX[HV IRU 0D\ ² $XJXVW  ('*$5 Y DQG *(,$ QRW VKRZQ
KDYH VLPLODU GLVWULEXWLRQV WR ('*$5 EXW VPDOOHU PDJQLWXGH SDUWLFXODUO\ ('*$5 Y

WLRQV ZLWK '/(0 ZH VXSSOHPHQW WKH LQYHQWRU\ ZLWK DQWKURSRJHQLF VRXUFH FDWHJRULHV IURP WKH
('*$5)7 LQYHQWRU\ LH ² IRVVLO IXHO XVH ZDVWH KDQGOLQJ ZDWHU WUHDWPHQW HWF
 0RGHO ERXQGDU\ FRQGLWLRQ
7KH PRGHO ERXQGDU\ FRQGLWLRQ UHSUHVHQWV 12 PL[LQJ UDWLRV LQ DLU WKDW LV DGYHFWHG IURP WKH 3D
FLÀF RU $UFWLF 2FHDQV EHIRUH HQWHULQJ 1RUWK $PHULFD :H FRQVWUXFW DQ HPSLULFDO ERXQGDU\ EDVHG
RQ PHDVXUHPHQWV IURP WKH 12$$ FRRSHUDWLYH DLU VDPSOLQJ QHWZRUN :H XVH PRQWKO\ PHDQ GU\
DLU PROH IUDFWLRQV IURP  PRQLWRULQJ VWDWLRQV 3DFLÀF 2FHDQ VWDWLRQV ◦ ◦ ◦ ◦ ◦ DQG
%DUURZ $. WR EXLOG D WLPHYDU\LQJ LQWHUSRODWHG ERXQGDU\ DW ◦ : ORQJLWXGH IURP WKH HTXD
WRU WR WKH 1RUWK 3ROH (DFK SDUWLFOH LQ WKH HQVHPEOH LV DVVLJQHG D ERXQGDU\ FRQGLWLRQ PL[LQJ UD
WLR EDVHG RQ LWV HQGLQJ ODWLWXGH SURMHFWHG RQWR WKH ◦ : ERXQGDU\ 7UDMHFWRULHV WKDW HQG QRUWK
RI ◦ ODWLWXGH DQG HDVW RI −◦ ORQJLWXGH DUH DVVLJQHG PL[LQJ UDWLRV IURP D QRUWKHUQ ERXQG
DU\ FRQGLWLRQ FRQVWUXFWHG IURP PHDVXUHPHQWV DW $OHUW &DQDGD DQG 6XPPLW *UHHQODQG VWD
WLRQV 7KH HVWLPDWHG ERXQGDU\ FRQGLWLRQ YDOXH DVVLJQHG WR HDFK WUDMHFWRU\ LV DYHUDJHG RYHU WKH
HQWLUH HQVHPEOH WR SURGXFH WKH ÀQDO PRGHOHG ERXQGDU\ 7KLV ODWLWXGLQDOO\ ]RQDOO\ DQG WHPSR
UDOO\ YDU\LQJ ERXQGDU\ FRQGLWLRQ DOORZV WKH PRGHOHG EDFNJURXQG FRQFHQWUDWLRQ WR FKDQJH ZKHQ
FKDQJLQJ V\QRSWLF FRQGLWLRQV EULQJ DLU IURP GLIIHUHQW UHJLRQV RI WKH JOREH ,Q FRQWUDVW WR DQ HP
SLULFDO ERXQGDU\ ZH FRXOG KDYH XVHG WKH RXWSXW IURP D JOREDO FKHPLFDO WUDFHU PRGHO &70 IRU
WKH ERXQGDU\ FRQGLWLRQ +RZHYHU NQRZQ VKRUWIDOOV LQ H[LVWLQJ LQYHQWRULHV DQG XQFHUWDLQWLHV LQ
VWUDWRVSKHUH H[FKDQJH RYHU ORQJHU WLPH VFDOHV UHVXOWV LQ &70 12 HVWLPDWHV WKDW SRRUO\ PDWFK
PHDVXUHPHQWV .RUW HW DO 
'DWD DUH LQVXIÀFLHQW WR FUHDWH D ERXQGDU\ FRQGLWLRQ IRU WKH VRXWKHUQ HGJH RI WKH PRGHO GR
PDLQ :HHNO\ 12 PHDVXUHPHQWV DW %DUEDGRV LQ IDOO  VXJJHVW WKDW WKH ERXQGDU\ FRQFHQ
WUDWLRQ HVWLPDWHG IRU WKH :.7 WRZHU XVLQJ RXU 3DFLÀF ERXQGDU\ FRQGLWLRQ FRXOG EH WRR ORZ E\
XS WR ∼ SSE $ ORZ HVWLPDWHG ERXQGDU\ DW :.7 ZRXOG LPSO\ D KLJKHU 12 LQFUHPHQW IURP

FRQWLQHQWDO VRXUFHV $V D UHVXOW WKH ÁX[ HVWLPDWHV SUHVHQWHG KHUH FRXOG FRQVHTXHQWO\ EH ELDVHG
VOLJKWO\ KLJK RYHU WKH VRXWKHUQ 86 OLNHO\ E\ QR PRUH WKDQ 
7KH 67,/7 PRGHO GRHV QRW H[SOLFLWO\ DFFRXQW IRU GLOXWLRQ RI 12 GXH WR WKH LQÁXHQFH RI VWUDWR
VSKHULF DLU 6WUDWRVSKHUHWRWURSRVSKHUH H[FKDQJH UHDFKHV D PD[LPXP GXULQJ IDOO WKURXJK VSULQJ
DQG RFFXUV DW D PXFK VPDOOHU PDJQLWXGH GXULQJ VXPPHU +ROWRQ HW DO  6SUHQJHU 	 :HUQOL
 7KLV H[FKDQJH FRXOG LQÁXHQFH FRQFHQWUDWLRQV DW WKH UHFHSWRU VLWHV LQ WZR YHU\ JHQHUDO
ZD\V WKURXJK EURDGVFDOH H[FKDQJH WKDW EHFRPHV ZHOOPL[HG LQ WKH WURSRVSKHUH DQG WKURXJK
VSHFLÀF ´GHHS H[FKDQJHµ VWUDWRVSKHULF LQWUXVLRQ HYHQWV %URDGVFDOH H[FKDQJH WKDW EHFRPHV
ZHOOPL[HG VKRXOG EH FDSWXUHG E\ WKH PHDVXUHPHQWEDVHG ERXQGDU\ FRQGLWLRQ ,W ZRXOG EH
YHU\ GLIÀFXOW WR DFFRXQW IRU GHHS H[FKDQJH HYHQWV EXW VHYHUDO LQGLFDWRUV PLJKW GRZQSOD\ WKH
LPSRUWDQFH RI WKHVH HYHQWV RQ HYHQWXDO VXUIDFH VRXUFH FRQVWUDLQWV )LUVW GHHS H[FKDQJH HYHQWV
UHDFK D PD[LPXP RYHU WKH *XOI RI $ODVND DQG VRXWKHUQ *UHHQODQG DUHDV IDU IURP DQWLFLSDWHG
12 VRXUFHV 6SUHQJHU 	 :HUQOL  6HFRQGO\ DQ\ GHSOHWLRQ GXH WR GHHS H[FKDQJH ZRXOG
UHVXOW LQ ORZ PHDVXUHPHQWV DQG PRGHOHG FRQFHQWUDWLRQV WKDW DUH WRR KLJK 7KLV LV WKH RSSRVLWH RI
ZKDW ZH VHH LQ WKH DFWXDO PRGHO VHH 6HFWLRQ  )LQDOO\ WKH PHDVXUHPHQWV UDUHO\ GURS EHORZ
WKH DGMXVWHG PRGHOHG ERXQGDU\ FRQGLWLRQ VXJJHVWLQJ D ODFN RI VWURQJ VWUDWRVSKHULF LQÁXHQFH DW
WKH VXUIDFH VLWHV H[ ² )LJV  
 'DWD RYHUYLHZ
:H XVH WZR GLIIHUHQW W\SHV RI PHDVXUHPHQW GDWD LQ WKH DQDO\VLV RI 12 HPLVVLRQV FRQWLQXRXV
PHDVXUHPHQWV IURP /() WRZHU LQ :LVFRQVLQ DQG GDLO\ ÁDVN PHDVXUHPHQWV IURP DQ HQVHPEOH RI
WDOO WRZHU VLWHV )LJ 
&RQWLQXRXV KRXUO\DYHUDJHG PHDVXUHPHQWV RI 12 DUH DYDLODEOH RQO\ DW 12$$·V /() WRZHU
VLWH IRU  PRQWKV 0D\ ² 2FW LQ  'HVSLWH WKH OLPLWHG WLPH IUDPH WKH GDWD QRQHWKHOHVV SUR
YLGH D KLJK UHVROXWLRQ WHVW WR YDOLGDWH WKH 67,/712 PRGHO 0HDVXUHPHQWV DW /() ZHUH WDNHQ

A posteriori model: WLEF Tower, 2008
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)LJXUH  $Q H[DPSOH RI WKH 67,/7 PRGHO UHVXOW DW /() WRZHU ZLWK ERWK WKH D SULRUL DQG D SRVWHULRUL
('*$5)7 LQYHQWRULHV

Contribution of Continental Sources to Tall Tower Sites
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)LJXUH  7KH FRQWRXU OLQHV LQGLFDWH WKH UHJLRQV WKDW FRQWULEXWH  DQG  RI WKH PL[LQJ UDWLR VLJQDO
VHHQ DW HDFK RI WKH WDOO WRZHU VLWHV 7KH SORW UHÁHFWV WKH PRQWKV RI 0D\ WKURXJK $XJXVW  DQG ZDV
FRQVWUXFWHG XVLQJ WKH ('*$5)7 HPLVVLRQV LQYHQWRU\ 7KH WDOO WRZHU HQVHPEOH VHHV LQÁXHQFH IURP
12 VRXUFHV RYHU PXFK RI WKH FHQWUDO 86

XVLQJ D JDV FKURPDWRJUDSK +XUVW HW DO   DQG KDG DQ DSSUR[LPDWH XQFHUWDLQW\ RI 
SSE ,Q RUGHU WR PLWLJDWH VLJQLÀFDQW QRLVH LQ WKH KRXUO\DYHUDJHG GDWD ZH DSSO\ D WK RUGHU
SRLQW 6DYLWVN\*ROD\ PRYLQJ DYHUDJH ÀOWHU 6DYLW]N\ 	 *ROD\  7KH ÀOWHU HIIHFWLYHO\
SUHVHUYHV WKH PDJQLWXGH RI SHDNV DQG WURXJKV RQ V\QRSWLF WLPH VFDOHV LQ WKH WLPH VHULHV DQG VXE
VWDQWLDOO\ GHFUHDVHV QRLVH
,Q DGGLWLRQ WR FRQWLQXRXV WDOO WRZHU PHDVXUHPHQWV ZH DOVR GUDZ RQ D QHWZRUN RI GDLO\ ÁDVN
PHDVXUHPHQWV IURP  WDOO WRZHU VLWHV GXULQJ  7KHVH VLWHV LQFOXGH /() LQ 3DUN )DOOV :LVFRQ
VLQ  P DERYH JURXQG OHYHO :%, LQ :HVW %UDQFK ,RZD  P DJO :.7 LQ 0RRG\ 7H[DV
 P DJO DQG %$2 LQ (ULH &RORUDGR  P DJO 7KH GDLO\ ÁDVN GDWDVHW EHJLQV LQ  ZLWK
OLPLWHG GDWD IRU  :H FRQGXFW PRGHO VLPXODWLRQV IRU WKH WDOO WRZHU HQVHPEOH RYHU  ZKHQ
ERWK GDWD DQG PHWHRURORJLFDO VLPXODWLRQV DUH DYDLODEOH $OO ÁDVN VDPSOHV ZHUH PHDVXUHG XVLQJ
D JDV FKURPDWRJUDSK DQG HOHFWURQ FDSWXUH GHWHFWRU DQG KDG D UHSURGXFLELOLW\ RI DSSUR[LPDWHO\
 SSE )RU ERWK KRXUO\ DQG GDLO\ GDWDVHWV WKH PHDVXUHPHQW XQFHUWDLQW\ LV  ²  RI WKH W\S
LFDO VLJQDO IURP FRQWLQHQWDO VXUIDFH VRXUFHV PDNLQJ LW SDUWLFXODUO\ FKDOOHQJLQJ WR GHULYH UHJLRQDO
VRXUFH FRQVWUDLQWV
 (PLVVLRQV (VWLPDWLRQ 0HWKRGV
 6LPSOH LQYHQWRU\ RSWLPL]DWLRQ
:H ÀUVW GLVFXVV GDWD DQDO\VLV XVLQJ D VLPSOH RSWLPL]DWLRQ RI HDFK HPLVVLRQV LQYHQWRU\ LH ²
*(,$ ('*$5 DQG '/(0 :H SORW PRGHOHG PL[LQJ UDWLRV DJDLQVW PHDVXUHPHQWV DQG ÀW D
OLQHDU UHJUHVVLRQ 9DULDELOLW\ LQ WKH PRGHOHG DQGRU PHDVXUHG VLJQDOV VKRXOG UHVXOW IURP WKH
WUDQVSRUW RI YDU\LQJ VRXUFHV IURP GLIIHUHQW UHJLRQV +HQFH WKH UHJUHVVLRQ VORSH SURYLGHV DQ DS
SUR[LPDWH FRUUHFWLYH VFDOLQJ IDFWRU IRU HDFK HPLVVLRQV LQYHQWRU\ EDVHG RQ WKH DUUD\ RI PRGHO
UHVXOWV DQG PHDVXUHPHQW VLWHV ,Q DGGLWLRQ WKH LQWHUFHSW RI WKH UHJUHVVLRQ FDQ EH LQWHUSUHWHG DV

DQ DGGLWLYH FRUUHFWLRQ WR WKH PRGHOHG ERXQGDU\ FRQGLWLRQ :H XVH D UHGXFHG PDMRU D[LV 50$
PHWKRG 0LOOHU 	 .DKQ  WR SURGXFH D VLQJOH VFDOLQJ IDFWRU IRU HDFK LQYHQWRU\ FDOFXODWHG
RYHU DOO DYDLODEOH WRZHUV IRU HDFK PRQWK LQ  DQG IRU HDFK PRQWK RI WKH DYDLODEOH  /()
GDWDVHW XVLQJ :5) DQG %5$06 ZLQGV VHSDUDWHO\ $Q 50$ UHJUHVVLRQ DFFRXQWV IRU XQFRUUH
ODWHG YDULDQFH LQ ERWK WKH [ DQG \ D[HV 7KH VXUIDFH VRXUFH VLJQDO RYHU WKH FHQWUDO 86 LV GRPL
QDWHG E\ ÁX[HV IURP DJULFXOWXUH JOREDOO\ ∼[ WKH IRVVLO IXHO VRXUFH 'HQPDQ HW DO  DJUL
FXOWXUDO DQG XUEDQ VRXUFHV DUH DOVR FRORFDWHG LQ VRPH UHJLRQV DQG WKHUHIRUH ZH FDQQRW UHOLDEO\
GHFRXSOH GLIIHUHQW VRXUFH W\SHV
7KH 50$ UHJUHVVLRQ SURYLGHV WKH PRVW VWUDLJKWIRUZDUG VQDSVKRW RI VHDVRQDOLW\ LQ 12 HPLV
VLRQV 6LJQLÀFDQW JDSV LQ WKH GDWD RFFXU DW VHYHUDO WRZHUV LQ  VSHFLÀFDOO\ LQ WKH ZLQWHU
VSULQJ DQG IDOO PRQWKV $V VXFK LW LV GLIÀFXOW WR SURGXFH D UHOLDEOH VSDWLDOO\YDULDQW LQYHUVLRQ
IRU WLPH SHULRGV RWKHU WKDQ VXPPHU RI  7KHUHIRUH ZH XVH WKH UHJUHVVLRQ PHWKRG WR HVWLPDWH
PRQWKE\PRQWK FRQVWUDLQWV RYHU DOO RI WKH WRZHU VLWHV
:H DSSO\ D ERXQGDU\ FRUUHFWLRQ WR HDFK PRQWKO\ LQYHUVLRQ VLPXODWLRQ EDVHG RQ WKH UHJUHVVLRQ
LQWHUFHSW 7KH WDOO WRZHU GDWD WKDW PRVW VWURQJO\ FRQVWUDLQV WKH ERXQGDU\ FRUUHFWLRQ DUH QHDUO\
GLVMRLQW IURP GDWD SRLQWV WKDW FRQVWUDLQ WKH VRXUFHV VR WKLV SURFHGXUH KDV OLWWOH HIIHFW RQ RXU PDLQ
UHVXOWV ,I ZH GR QRW DSSO\ D ERXQGDU\ FRQGLWLRQ FRUUHFWLRQ WKH LQYHUVLRQV SURGXFH REYLRXV ELDV
LQ WKH PRGHOGDWD FRPSDULVRQV DQG XQUHDOLVWLF VSDWLDO GLVWULEXWLRQV RI WKH ÁX[ ÀHOGV HJ ² ODUJH
HPLVVLRQV RYHU WKH VHD RU GLVWDQW UHJLRQV
 *HRVWDWLVWLFDO DQG %D\HVLDQ LQYHUVLRQV
:H XVH ERWK D JHRVWDWLVWLFDO LQYHUVLRQ 6QRGJUDVV 	 .LWDQLGLV  0LFKDODN HW DO  DQG WKH
PRUH FRQYHQWLRQDO %D\HVLDQ DSSURDFK 5RGJHUV  7KH %D\HVLDQ LQYHUVLRQ LQFRUSRUDWHV DQ
D SULRUL HPLVVLRQV LQYHQWRU\ DORQJ ZLWK WKH PHDVXUHPHQWV PRGHO UHVXOWV DQG XQFHUWDLQW\ HV
WLPDWHV 7KH UHVXOWLQJ HPLVVLRQV LQYHQWRU\ RSWLPL]DWLRQ WKH D SRVWHULRUL VROXWLRQ UHÁHFWV ERWK

WKH D SULRUL HVWLPDWH DQG WKH PRGHOPHDVXUHPHQWV 5RGJHUV  ,Q PDQ\ DSSOLFDWLRQV WKH
D SULRUL HPLVVLRQV HVWLPDWH SURYLGHV LPSRUWDQW LQGHSHQGHQW LQIRUPDWLRQ IRU WKH LQYHUVLRQ DQG
WKH LQYHUVLRQ LPSURYHV XSRQ WKLV LQLWLDO EHVW JXHVV ,Q RWKHU DSSOLFDWLRQV LW FDQ EH XVHIXO WR HV
WLPDWH WUDFH JDV HPLVVLRQV PRUH GLUHFWO\ IURP WKH DWPRVSKHULF GDWD ZLWKRXW WKH KHOS RI DQ D SUL
RUL HVWLPDWH LH ² PDNLQJ DV IHZ LQLWLDO DVVXPSWLRQV DV SRVVLEOH 7KH JHRVWDWLVWLFDO DSSURDFK
LV DQ LQYHUVLRQ WKDW FDQ GR MXVW WKDW E\ XVLQJ D QRQLQIRUPDWLYH SULRU $ JHRVWDWLVWLFDO LQYHUVLRQ
FDQ EH PRVW XVHIXO ZKHQ D SULRUL LQYHQWRULHV GLIIHU VXEVWDQWLDOO\ LQ HLWKHU PDJQLWXGH RU VSDWLDO
VWUXFWXUH DV LV WKH FDVH IRU 12 LQGLFDWLQJ VLJQLÀFDQW HUURUV LQ WKH VSDWLDO GLVWULEXWLRQ RI HPLV
VLRQV ,Q WKLV FDVH WKH D SRVWHULRUL VROXWLRQ ZLOO YDU\ DUELWUDULO\ GHSHQGLQJ RQ WKH KLJKO\ VXE
MHFWLYH FKRLFH RI WKH SULRU ,W PDNHV VHQVH WR OHDUQ DV PXFK DV SRVVLEOH DERXW 12 ÁX[HV EHIRUH
FRQYROYLQJ WKH UHVXOWV ZLWK WKH LQÁXHQFH RI D SRWHQWLDOO\HUURQHRXV SULRU :KHQ GLIIHUHQW SULRUV
JLYH YHU\ GLVSDUDWH ÁX[ HVWLPDWHV WKH JHRVWDWLVWLFDO LQYHUVLRQ FDQ LQIRUP WKH FKRLFH RI SULRU IRU
D %D\HVLDQ LQYHUVLRQ RU KHOS WR GHVFULEH WKH VSDWLDO GLVWULEXWLRQ RI HPLVVLRQV XVLQJ LQIRUPDWLRQ
GLUHFWO\ IURP DWPRVSKHULF GDWD
,Q WKLV VWXG\ WKH JHRVWDWLVWLFDO DSSURDFK KHOSV XV H[DPLQH VSDWLDO SDWWHUQV LQ ÁX[HV LQGHSHQ
GHQW RI GLVSDUDWH D SULRUL LQYHQWRULHV LH ² '/(0 YHUVXV ('*$5)7 :H FRQGXFWHG VHS
DUDWH JHRVWDWLVWLFDO LQYHUVLRQV IRU HDFK PRQWK GXULQJ WKH SHDN SHULRG RI ÁX[HV 0D\ ² -XO\ 
RQ D UHVROXWLRQ RI ◦ ODW [ ◦ ORQ WR PLQLPL]H VSDWLDO DJJUHJDWLRQ HUURUV :H IRFXV RQ WKH VXP
PHU WLPH SHULRG EHFDXVH WKH ÁDVN GDWDVHW ZDV PXFK PRUH VSRUDGLF DW RWKHU WLPHV RI \HDU 6HF
WLRQ  SURYLGHV D PRUH PDWKHPDWLFDOO\ ULJRURXV GHVFULSWLRQ RI WKH JHRVWDWLVWLFDO DSSURDFK
:H DOVR FRQGXFWHG FRPSDUDEOH PRQWKO\ %D\HVLDQ LQYHUVLRQV GXULQJ WKH VDPH WLPH SHULRG
0D\ ² -XO\  :H XVH WKH JHRVWDWLVWLFDO PHWKRG WR KHOS LQIRUP RXU FKRLFH RI D SULRUL LQYHQ
WRU\ DQG WKHQ XVH WKH %D\HVLDQ PHWKRG WR LPSURYH RQ WKLV EHVW LQLWLDO LQYHQWRU\ HVWLPDWH

 ,QYHUVLRQ 0DWKHPDWLFV
7KH 67,/7 WUDFH JDV PRGHO FDQ EH ZULWWHQ LQ OLQHDU IRUP DV IROORZV *HUELJ HW DO 
] = +V+ E+ ε 
] LV DQ Q ×  YHFWRU RI PHDVXUHPHQWV DW WKH UHFHSWRU ORFDWLRQV LQ WKLV FDVH IURP D WDOO WRZHU
V LV DQ P ×  YHFWRU RI ÁX[HV RYHU WKH HQWLUH PRGHO GRPDLQ DQG E LV DQ Q ×  YHFWRU WKDW UHS
UHVHQWV WKH PRGHO ERXQGDU\ FRQGLWLRQ + WKH -DFRELDQ PDWUL[ GLPHQVLRQV Q × P UHODWHV WKH
VXUIDFH ÁX[HV WR WKH FRQWLQHQWDO VRXUFH VLJQDO DV PHDVXUHG DW WKH WRZHU (DFK FROXPQ RI + GH
VFULEHV WKH VWDWLVWLFDO LQÁXHQFH RI ÁX[HV LQ D FHUWDLQ JULG ER[ RQ WKH WDOO WRZHU VLWH DOVR NQRZQ
DV WKH ´LQÁXHQFH IRRWSULQWµ ,Q RWKHU ZRUGV WKH LQÁXHQFH IRRWSULQW FRQYHUWV WKH HPLVVLRQV LQ
YHQWRU\ IURP D ÁX[ WR D PL[LQJ UDWLR LQFUHPHQW VHHQ DW WKH UHFHSWRU 7KLV IRRWSULQW LV FDOFXODWHG
EDVHG RQ WKH QXPEHU RI SDUWLFOHV WKDW SDVV RYHU WKH JULG ER[ DQG WKH DPRXQW RI WLPH WKH SDUWL
FOHV VSHQG LQ WKH ER[ +V Q ×  UHSUHVHQWV WKH FRQWULEXWLRQ RI FRQWLQHQWDO VRXUFHV WR WKH PL[LQJ
UDWLR DW WKH UHFHSWRU LQ SSE ε LV WKH PRGHOGDWD PLVPDWFK HUURU FDXVHG E\ PRGHO WUDQVSRUW
PRGHO UHVROXWLRQ XQFHUWDLQWLHV LQ WKH PHDVXUHPHQWV DQG ERXQGDU\ FRQGLWLRQ XQFHUWDLQWLHV HJ
² *HUELJ HW DO  0DWURVV HW DO  RU *RXUGML HW DO  IRU WKH 67,/7 PRGHO
7KH VROXWLRQ WR WKH LQYHUVH SUREOHP PLQLPL]HV WKH FKLVTXDUHG FRVW IXQFWLRQ VRPHZKDW VLP
LODU WR D ZHLJKWHG VXP RI VTXDUHV DSSURDFK (TXDWLRQV  DQG  JLYH WKH FRVW IXQFWLRQ IRU WKH
%D\HVLDQ DQG JHRVWDWLVWLFDO LQYHUVLRQV UHVSHFWLYHO\
-(V) =


(]−+V)75−(]−+V) + 

(V− VD)74−(V− VD) 
-(V, շ) =


(]−+V)75−(]−+V) + 

(V− ;շ)74−(V− ;շ) 

5 LV WKH Q × QPRGHOGDWD PLVPDWFK FRYDULDQFH PDWUL[ DQG 4 LV WKH P × P D SULRUL FRYDULDQFH
PDWUL[
7KH WZR LQYHUVLRQ DSSURDFKHV GLIIHU LQ WKHLU WUHDWPHQW RI WKH D SULRUL PRGHO 7KH %D\HVLDQ
PHWKRG GHWHUPLQHV WKH VROXWLRQ ZLWK WKH PD[LPXP SUREDELOLW\ JLYHQ WKH SULRU HVWLPDWH DQG WKH
REVHUYDWLRQV DQG WKHLU UDQJH RI XQFHUWDLQWLHV GHÀQHG E\ 5 DQG 4 UHVSHFWLYHO\ 5RGJHUV 
7KH JHRVWDWLVWLFDO PHWKRG GRHV QRW LQFOXGH DQ D SULRUL LQYHQWRU\ VD EXW LQVWHDG XVHV D PRGHO RI
WKH PHDQ ;շ (DFK FROXPQ RI WKH PDWUL[ ; P × S FDQ GHVFULEH SRVVLEOH VSDWLDO WUHQGV LQ WKH
GDWD շ LV D S ×  YHFWRU RI XQNQRZQ GULIW FRHIÀFLHQWV WKDW VFDOH WKH FROXPQV RI ; 7KLV PRGHO RI
WKH PHDQ FRXOG IRU H[DPSOH LQFOXGH LQIRUPDWLRQ VXFK DV ODQG XVH SDWWHUQV RU SRSXODWLRQ GHQ
VLW\ LH ² ´DX[LOLDU\ YDULDEOHVµ VHH *RXUGML HW DO  ,Q WKLV VWXG\ KRZHYHU ZH XVH GR QRW
XVH H[WHUQDO LQIRUPDWLRQ LQ WKH PRGHO RI WKH PHDQ ,Q RWKHU ZRUGV ; LV DQ P ×  YHFWRU RI RQHV
DQ XQLQIRUPDWLYH SULRU ,Q WKLV FDVH WKH XQNQRZQ YDOXH RI շ LV WKH D SRVWHULRUL PHDQ RI WKH ÁX[
ÀHOG :H ZDQW WR OHDUQ DV PXFK DV SRVVLEOH DERXW WKH ÁX[HV IURP WKH DWPRVSKHULF GDWD DORQH
ZLWKRXW WKH DLG RI DQ\ SUHVFULEHG VSDWLDO GLVWULEXWLRQ ,QVWHDG WKH JHRVWDWLVWLFDO PHWKRG LQFRUSR
UDWHV EURDGVFDOH LQIRUPDWLRQ ZLWKLQ WKH FRYDULDQFH PDWULFHV DERXW WKH VSDWLDO FRUUHODWLRQ VWUXF
WXUH RI WKH ÁX[HV 7KH GLDJRQDO HOHPHQWV RI 4 GHÀQH WKH VSDWLDO YDULDQFH RI WKH ÁX[HV DQG WKH
RIIGLDJRQDO HOHPHQWV RI 4 GHVFULEH WKH DQWLFLSDWHG VSDWLDO FRYDULDQFH RI WKH ÁX[HV HJ ² 6QRG
JUDVV 	 .LWDQLGLV  0LFKDODN HW DO  0XHOOHU HW DO 
)RU ERWK LQYHUVLRQV ZH LQFOXGH WKH  LQÁXHQFH UHJLRQ VHH 6HFWLRQ  LQ WKH LQYHUVLRQ
DUHD DV ZHOO DV DOO ODQG DUHD IXUWKHU ZHVW 7KH GDWD GR QRW IXOO\ FRQVWUDLQ HPLVVLRQV DV IDU DZD\
DV WKH :HVW &RDVW EXW ZH LQFOXGHG WKH :HVW WR DYRLG ELDVLQJ WKH D SRVWHULRUL ÁX[ ÀHOG GXH WR WKH
FXPXODWLYH HIIHFW RI GLVWDQW HPLVVLRQV :H H[FOXGHG ZDWHU ERGLHV IURP WKH LQYHUVLRQ *OREDOO\
WKH RFHDQ LV D VLJQLÀFDQW VRXUFH RI 12 GLIIXVHO\ VSUHDG RYHU ODUJH DUHDV 1HYLVRQ HW DO 
'HQPDQ HW DO  +RZHYHU DQ\ ÁX[HV DVVLJQHG WR WKH RFHDQ E\ WKH LQYHUVLRQ ZRXOG PRUH
OLNHO\ UHÁHFW ERXQGDU\ FRQGLWLRQ XQFHUWDLQWLHV WKDQ DFWXDO VRXUFHV DQG RXU ERXQGDU\ FRQGLWLRQ

FRUUHFWLRQ VKRXOG DFFRXQW IRU WKH HIIHFWV RI DQ\ EURDGVFDOH FRDVWDO XSZHOOLQJ ÁX[HV
7KH DQDO\WLFDO VROXWLRQV WR ERWK %D\HVLDQ DQG JHRVWDWLVWLFDO LQYHUVLRQV DUH FDOFXODWHG YLD D V\V
WHP RI OLQHDU HTXDWLRQV 7KH VROXWLRQ WR WKH %D\HVLDQ DSSURDFK IRU WKH 67,/7 PRGHO LV GHVFULEHG
LQ *HUELJ HW DO  DQG 0LOOHU HW DO  DQG WKH VROXWLRQ WR WKH JHRVWDWLVWLFDO LQYHUVLRQ LV
GHVFULEHG LQ GHWDLO E\ 6QRGJUDVV 	 .LWDQLGLV  DQG 0LFKDODN HW DO 
 &RYDULDQFH PDWULFHV
7KH FRYDULDQFH PDWULFHV 4 DQG 5 SURYLGH FUXFLDO LQIRUPDWLRQ WKDW GHVFULEHV WKH VWUXFWXUH RI
WKH D SRVWHULRUL ÁX[ ÀHOG DQGRU WKH UHODWLYH XQFHUWDLQWLHV LQ WKH LQYHUVLRQ LQSXWV 7KHVH PDWUL
FHV PXVW EH HVWLPDWHG LQGHSHQGHQW RI WKH LQYHUVLRQ DQG DUH RIWHQ LQIHUUHG IURP WKH DWPRVSKHULF
GDWD LWVHOI .LWDQLGLV 	 /DQH  .LWDQLGLV  0LFKDODN HW DO  0DWKHPDWLFDOO\ WKH
LQGLYLGXDO HOHPHQWV RI 5 DQG 4 DUH GHÀQHG DV IROORZV
5L,M(WL,M|ֆ5, W5) = ֆ5H[S(−
WL,M
W5
) 
4L,M(KL,M|ֆ4, O) = ֆ4H[S(−
KL,M
O
) 
ֆ5 WKH GLDJRQDO HOHPHQWV RI 5 UHSUHVHQW WKH YDULDQFH RI WKH HUURUV FDXVHG E\ PRGHOGDWD PLV
PDWFK 7KLV LQFOXGHV XQFHUWDLQWLHV GXH WR WKH PHDVXUHPHQWV WKH IRUZDUG PRGHO PRGHO UHSUH
VHQWDWLRQ H[ ² DJJUHJDWLRQ RI GLVFUHHW ÁX[ UHJLRQV DQG XQFHUWDLQWLHV LQ WKH ERXQGDU\ FRQ
GLWLRQ ,Q WKLV FDVH ZH HVWLPDWH D VLQJOH PRGHOGDWD PLVPDWFK HUURU RYHU DOO WRZHUV IRU HDFK
PRQWK 7KH RIIGLDJRQDO HOHPHQWV DUH WKH FRYDULDQFHV ZKLFK GHFD\ H[SRQHQWLDOO\ LQ WLPH WL,M
DFFRUGLQJ WR WKH WHPSRUDO GHFRUUHODWLRQ LQ PRGHOGDWD PLVPDWFK HUURUV W5 :H FRQVWUXFWHG D
ÀUVW RUGHU DXWRUHJUHVVLYH PRGHO RQ WKH GLIIHUHQFH EHWZHHQ PRGHO DQG PHDVXUHPHQWV DQG IRXQG
D GHFRUUHODWLRQ WLPH RI  KUV IRU KRXUO\ GDWD DW /() ZLWK WKH :5) PRGHO GHSHQGLQJ RQ WKH

GDWD LQWHUSRODWLRQ PHWKRG XVHG 7KLV LV VPDOOHU WKDQ WKH GDLO\ PHDVXUHPHQW IUHTXHQF\ LQ WKH
HQVHPEOH GDWD VR ZH GR QRW LQFOXGH WHPSRUDO FRUUHODWLRQV LQ PRGHOGDWD PLVPDWFK RIIGLDJRQDO
HOHPHQWV RI 5 :H DOVR DVVXPH ]HUR HUURU FRUUHODWLRQ DPRQJ REVHUYDWLRQV DW GLIIHUHQW WRZHU
VLWHV
7KH D SULRUL FRYDULDQFH PDWUL[ WDNHV RQ D VLPLODU IRUP )RU WKH JHRVWDWLVWLFDO LQYHUVLRQ WKH GL
DJRQDO HOHPHQWV ֆ4 JLYH WKH DQWLFLSDWHG YDULDQFH RI WKH ÁX[HV DQG IRU WKH %D\HVLDQ LQYHUVLRQ
WKH\ GHVFULEH WKH XQFHUWDLQW\ LQ WKH D SULRUL LQYHQWRU\ 7KH RIIGLDJRQDO HOHPHQWV RI 4 GHFD\ H[
SRQHQWLDOO\ ZLWK GLVWDQFH KL,M DFFRUGLQJ WR WKH GHFRUUHODWLRQ OHQJWK SDUDPHWHU O ,Q WKH FDVH RI
WKH JHRVWDWLVWLFDO LQYHUVLRQ O GHVFULEHV VSDWLDO FRUUHODWLRQ LQ WKH ÁX[ ÀHOG ZKLOH IRU WKH %D\HVLDQ
LQYHUVLRQ O GHVFULEHV WKH VSDWLDO FRUUHODWLRQ RI XQFHUWDLQWLHV LQ WKH D SULRUL LQYHQWRU\ 6SDWLDO FRU
UHODWLRQ EHFRPHV QHJOLJLEOH DW GLVWDQFH O
:H LQIHU PRVW RI WKH FRYDULDQFH PDWUL[ SDUDPHWHUV IURP WKH DWPRVSKHULF GDWD LWVHOI XVLQJ
0D[LPXP /LNHOLKRRG 0/ DQG 5HVWULFWHG 0D[LPXP /LNHOLKRRG 50/ PHWKRGV ,Q WKLV FDVH
ZH DSSO\ WKH 50/ PHWKRG WR LQIHU JHRVWDWLVWLFDO LQYHUVLRQ SDUDPHWHUV .LWDQLGLV  6QRG
JUDVV 	 .LWDQLGLV  DQG WKH 0/ PHWKRG WR LQIHU %D\HVLDQ LQYHUVLRQ SDUDPHWHUV .LWDQLGLV
	 /DQH  0LFKDODN HW DO  7KHVH FORVHO\ UHODWHG WHFKQLTXHV SURYLGH REMHFWLYH ZD\V WR
LQIHU DQ\ QXPEHU RI LQYHUVLRQ SDUDPHWHUV 7KH PRVW OLNHO\ SDUDPHWHUV DUH WKRVH WKDW PLQLPL]H
D JLYHQ FRVW IXQFWLRQ DQG DUH QRUPDOO\ HVWLPDWHG XVLQJ DQ LWHUDWLYH *DXVV1HZWRQ DOJRULWKP
0/ DQG 50/ HQVXUH WKDW WKH UHGXFHG FKLVTXDUHG YDOXH RI ERWK WKH PRGHOPHDVXUHPHQWV DQG
ÁX[HV DUH FORVH WR RQH 7KLV LPSOLHV WKDW WKH HUURUV LQ WKH D SRVWHULRUL PRGHO DUH FRQVLVWHQW ZLWK
WKRVH HVWLPDWHG E\ WKH FRYDULDQFH SDUDPHWHUV HJ ² 0LFKDODN HW DO  ,W LV LPSRUWDQW WR
QRWH KRZHYHU WKDW 0/ DQG 50/ FDQ SURGXFH XQUHOLDEOH LQYHUVLRQ SDUDPHWHUV ZKHQ HLWKHU WKH
GDWD DUH VSDUVH RU WKH PRGHOPHDVXUHPHQW HUURUV DUH ODUJH 0XHOOHU HW DO  *RXUGML HW DO

7KLV ODWWHU FRQFHUQ EHFRPHV LPSRUWDQW LQ WKH LQYHUVLRQ VHWXS KHUH ,Q FDVHV ZKHUH ZH FDQ

7DEOH  &RYDULDQFH PDWUL[ SDUDPHWHUV IRU WKH JHRVWDWLVWLFDO DQG %D\HVLDQ LQYHUVLRQV
0.71 ± 0.05 0.97 ± 0.05 0.70 ± 0.04
Bayesian
R_MAY R_JUN R_JUL l (km) Q
Geostatistical 816 ± 313 (4.5 ± 3) x 10-4
0.72 ± 0.05 0.99 ± 0.05 0.73 ± 0.04 816 ± 313 (3.7 ± 2) x 10-4
QRW LQIHU LQYHUVLRQ SDUDPHWHUV IURP WKH DWPRVSKHULF GDWD ZH LQIHU WKHVH YDOXHV IURP DX[LOLDU\
GDWDVHWV )RU H[DPSOH ZH DVVXPH WKDW WKH SRVWHULRU ÁX[HV DQG HUURUV LQ WKH D SULRUL LQYHQWRU\
ZLOO EH FRUUHODWHG RYHU D OHQJWK VFDOH O VLPLODU WR WKDW RI DJULFXOWXUDO ODQG XVH SDWWHUQV LQIHUUHG
IURP FURSODQG PDSV XVLQJ 50/ LQ NULJLQJ IRUP 0XHOOHU HW DO  5DPDQNXWW\ HW DO 
([LVWLQJ HPLVVLRQV LQYHQWRULHV RI 12 FRUUHFWHG LQ PDJQLWXGH LQ DFFRUGDQFH ZLWK .RUW HW DO
 SURYLGH DQ HVWLPDWH RI ֆ4 IRU WKH JHRVWDWLVWLFDO LQYHUVLRQ DJDLQ XVLQJ 50/ LQ NULJLQJ
IRUP $GGLWLRQDOO\ ZH XVH WKH GLIIHUHQFH EHWZHHQ WKH VWDQGDUG DQG FRUUHFWHG LQYHQWRU\ IURP
.RUW HW DO  IRU ֆ4 LQ WKH %D\HVLDQ VHWXS 7DEOH  OLVWV WKH IXOO VHW RI SDUDPHWHUV XVHG LQ WKH
JHRVWDWLVWLFDO DQG %D\HVLDQ VHWXSV
 5HVXOWV DQG 'LVFXVVLRQ
 0RGHO UHVXOWV ² DQ RYHUYLHZ
7KH 67,/7 PRGHO DSSHDUV YHU\ DGHSW DW UHSURGXFLQJ KLJK UHVROXWLRQ 12 FRQFHQWUDWLRQ GDWD
IRU D UDQJH RI GLIIHUHQW UHFHSWRU VLWHV 7KH KRXUO\ GDWD IURP /() 7RZHU LQ  GHPRQVWUDWH
WKH PRGHO·V DELOLW\ WR UHSURGXFH KLJK UHVROXWLRQ PHDVXUHPHQWV VHH )LJ  ,Q WKLV FDVH ZH
UDQ WKH PRGHO XVLQJ ERWK WKH :5) DQG %5$06 PHWHRURORJLFDO GULYHUV 67,/7 DFKLHYHV PRGHO
PHDVXUHPHQW FRUUHODWLRQ DV KLJK DV 5 = . IRU ('*$5)7 WKRXJK FRUUHODWLRQV IRU
RWKHU LQYHQWRULHV FDQ EH ORZHU 5 = . IRU '/(0 VHH 7DEOH  7KH WLPH VHULHV LQ )LJ 

7DEOH  (PLVVLRQV LQYHQWRU\ FRUUHFWLRQ IDFWRUV DQG PRGHOPHDVXUHPHQW FRUUHODWLRQ FRHIÀFLHQWV IRU 
FDOFXODWHG XVLQJ DQ 50$ UHJUHVVLRQ EDVHG RQ KRXUO\ /() WRZHU QLWURXV R[LGH PHDVXUHPHQWV
Inventory Meteorology Inventory,correction,factors R
May June July August Sept. Oct.
EDGAR32FT2000 BRAMS 2.5,±,0.2 2.6,±,0.1 1.5,±,0.1 1.5,±,0.1 1.3,±,0.1 1.4,±,0.1 0.76
WRF 3.7,±,0.2 3.4,±,0.2 1.6,±,0.2 1.9,±,0.2 1.2,±,0.1 1.4,±,0.1 0.73
EDGARv4 BRAMS 4.4,±,0.3 4.8,±,0.3 2.6,±,0.2 2.7,±,0.2 2.3,±,0.2 2.5,±,0.2 0.76
WRF 6.2,±,0.3 6.1,±,0.4 2.7,±,0.2 3.5,±,0.3 2.2,±,0.2 2.4,±,0.2 0.74
GEIA BRAMS 3.7,±,0.2 4.1,±,0.2 2.5,±,0.2 2.3,±,0.2 2.0,±,0.2 1.9,±,0.1 0.76
WRF 5.1,±,0.3 5.5,±,0.4 2.4,±,0.2 2.9,±,0.3 1.8,±,0.2 2.0,±,0.2 0.73
DLEM BRAMS 1.7,±,0.1 1.1,±,0.1 0.90,±,0.1 0.66,±,0.06 0.50±0.05 1.3,±,0.1 0.52
WRF 2.2,±,0.2 1.3,±,0.1 0.85,±,0.06 0.94,±,0.09 0.63±0.06 1.1,±,0.1 0.48
GLVSOD\V WKH PRGHO UHVXOW IRU ERWK WKH %5$06 DQG :5)GULYHQ PRGHOV DIWHU RSWLPL]DWLRQ
%HIRUH IXOO\ GLVFXVVLQJ WKH VRXUFH RSWLPL]DWLRQ UHVXOWV LW LV ÀUVW LPSRUWDQW WR KLJKOLJKW WKH GLI
IHUHQFHV LQ 67,/7 PRGHO UXQV ZLWK %5$06 YHUVXV :5) PHWHRURORJLFDO GULYHUV ,Q JHQHUDO WKH
%5$06 UXQV SURGXFH D VOLJKWO\ EHWWHU PRGHOPHDVXUHPHQW ÀW WKDQ :5) 5 = . DQG . UH
VSHFWLYHO\ IRU ('*$5)7 WKRXJK WKLV GLIIHUHQFH LQ ÀW LV RQO\ VLJQLÀFDQW LQ WKH FDVHV RI
('*$5 DQG *(,$ S = . LQ ERWK FDVHV 6HFRQGO\ ZKHQ XVLQJ WKH VDPH ÁX[ ÀHOGV 67,/7
:5) UXQV SURGXFH PRGHOHG PL[LQJ UDWLRV WKDW DUH V\VWHPDWLFDOO\ ORZHU WKDQ WKRVH SURGXFHG E\
67,/7%5$06 VWDWLVWLFDOO\ VLJQLÀFDQW IRU DOO LQYHQWRULHV 7KLV GLIIHUHQFH DSSHDUV WR VWHP IURP
WKH IDFW WKDW SDUWLFOH WUDMHFWRULHV LQ :5)GULYHQ VLPXODWLRQV UHDFK JUHDWHU DOWLWXGHV PRUH TXLFNO\
WKDQ LQ %5$06 VLPXODWLRQV DQG WKHUHIRUH VHH WKH LQÁXHQFH RI VXUIDFH VRXUFHV RYHU D VKRUWHU LQ
WHUYDO )RU H[DPSOH LQ )LJ  WKH DYHUDJH LQÁXHQFH IRRWSULQW RI :5) DQG %5$06 VLPXODWLRQV
LV LQLWLDOO\ WKH VDPH +RZHYHU WKH VXUIDFH LQÁXHQFH GURSV WR ORZHU YDOXHV RQ GD\V ² IRU :5)
OLNHO\ EHFDXVH SDUWLFOHV PRYH RXW RI WKH SODQHWDU\ ERXQGDU\ OD\HU 3%/ D ELW IDVWHU DQG WKXV
ORZHU PL[LQJ UDWLRV PRGHOHG DW WKH UHFHSWRU 'XULQJ WKH ÀUVW GD\ DQG LQ WKH IDU ÀHOG WKH IRRW
SULQWV DUH VLPLODU DQG WKH RYHUDOO PHDQ IRRWSULQWV GLIIHU E\ ²
:5) DQG %5$06 DOVR GLVSOD\ GLIIHUHQW QLJKWWLPH PL[HG OD\HU KHLJKWV ∼ P IRU :5) DQG

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)LJXUH  7KH PHDQ IRRWSULQW RI SDUWLFOHV LQ ܟPRO P− V− E\ WLPH DZD\ IURP WKH /() WRZHU 
IRU ERWK %5$06 DQG :5) %5$06 VHHV D ODUJHU IRRWSULQW WKDQ :5) EHWZHHQ  ²  GD\V DZD\ IURP WKH
WRZHU

 P IRU %5$06 67,/7 FDQ VHW V\VWHPDWLFDOO\ GLIIHUHQW QLJKWWLPH PL[HG OD\HU KHLJKWV DQG
GLIIHUHQFHV LQ HVWLPDWHG FRQFHQWUDWLRQV DPRQJ PRGHO YHUVLRQV ZLWK GLIIHUHQW QLJKWWLPH PL[HG
OD\HUV DSSHDUV WR EH PLQLPDO 5HVROXWLRQ RI WKH GLVFUHSDQF\ LQ SDUWLFOH KHLJKWV EHWZHHQ :5)
DQG %5$06 LV EH\RQG WKH VFRSH RI WKLV SDSHU EXW ZRXOG EH D VLJQLÀFDQW VXEMHFW WR LPSURYH WKH
WUDQVSRUW PRGHO XQFHUWDLQWLHV
,Q DGGLWLRQ WR GLIIHUHQFHV LQ PHWHRURORJ\ ZH DOVR H[DPLQHG SRVVLEOH GLIIHUHQFHV LQ WKH PRGHO
GXULQJ WKH DIWHUQRRQ YHUVXV QLJKWWLPH DW /() LQ  :H RSWLPL]HG PLGDIWHUQRRQ  ² 
87& DQG QLJKWWLPH  ²  87& GDWD SRLQWV VHSDUDWHO\ XVLQJ WKH 50$ UHJUHVVLRQ IRU HDFK
PRQWK DQG HDFK PHWHRURORJLFDO GULYHU 7KH LQYHQWRU\ FRUUHFWLRQ IDFWRUV ZHUH XVXDOO\ VLPLODU
ZLWKLQ  IRU DIWHUQRRQ YHUVXV QLJKWWLPH PHDVXUHPHQWV DQG DOPRVW QHYHU GLIIHUHG E\ PRUH WKDQ
 (YLGHQWO\ DJULFXOWXUDO VRXUFHV DIIHFWLQJ /() DUH ODUJH DUHD VRXUFHV DQG DUH GRPLQDWHG E\
V\QRSWLFVFDOH ÁRZ
7KH HPLVVLRQV FRQVWUDLQWV SUHVHQWHG KHUH DSSO\ PRVWO\ WR WKH *UHDW 3ODLQV FRUULGRU DQG ZHVW
HUQ *UHDW /DNHV RI WKH 8QLWHG 6WDWHV )LJXUH  VKRZV WKH PHDQ ´UHJLRQV RI LQÁXHQFHµ IRU WKH
 WDOO WRZHU HQVHPEOH PRGHO UXQV $W HDFK JHRJUDSKLF JULG VTXDUH ZH PXOWLSO\ WKH IRRWSULQW
E\ WKH ('*$5 )7 HPLVVLRQV LQYHQWRU\ 7KH UHVXOW LV WKH PL[LQJ UDWLR LQFUHPHQW WKDW HDFK
JULG FHOO FRQWULEXWHV WR WKH PHDVXUHG VLJQDO DW WKH WDOO WRZHU VLWH 7KH FRQWRXU OLQHV SURYLGH DQ
HVWLPDWH RI WKH JHRJUDSKLF UHJLRQV WKDW FRQWULEXWH  DQG  RI WKH PHDQ WUDFH JDV VLJQDO VHHQ
DW WKH WDOO WRZHU VLWHV )LJXUH  VKRZV WKDW WKH  WDOO WRZHU HQVHPEOH LV PRVW VHQVLWLYH WR
ÁX[HV DFURVV WKH FHQWUDO FRUULGRU RI WKH 8QLWHG 6WDWHV $ VLPLODU SORW IRU WKH  /() GDWDVHW
QRW VKRZQ SURGXFHV D UHJLRQ RI LQÁXHQFH WKDW FRYHUV WKH FRUQ EHOW DQG QRUWKHUQ SODLQV VWDWHV
+HQFH WKH PRGHO LQYHUVLRQV WKDW IROORZ LQ WKLV SDSHU SUHGRPLQDQWO\ SURYLGH FRQVWUDLQWV IRU WKH
FHQWUDO 86

7DEOH  (PLVVLRQV LQYHQWRU\ FRUUHFWLRQ IDFWRUV IRU  FDOFXODWHG XVLQJ DQ 50$ UHJUHVVLRQ EDVHG RQ DQ
HQVHPEOH RI WDOO WRZHUV
Inventory Inventory)correction)factors
Jan./Feb. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
EDGAR32 1.1)±)0.1 2.6)±)0.4 2.8)±)0.4 5.4)±)0.6 3.5)±)0.4) 2.2)±)0.3 1.5)±)0.3 1.1)±)0.2 1.1)±)0.2 1.3)±)0.2
EDGARv4 1.3)±)0.2 4.1)±)0.7) 5.1)±)0.7 10.1)±)1.2 5.7)±)0.7 3.8)±)0.5 1.14)±)0.2 1.0)±)0.2 1.1)±)0.2 1.8)±)0.3
GEIA 1.9)±)0.2 3.1)±)0.5 3.0)±)0.5 4.5)±)0.7 3.9)±)0.6 2.0)±)0.3 2.1)±)0.4 1.4)±)0.2 1.2)±)0.2 1.6)±)0.2
DLEM 3.3)±)0.4 2.9)±)0.5 2.3)±)0.4 2.1)±)0.3 0.9)±)0.1 0.29)±)0.04 0.88)±)0.18 0.83)±)0.13 1.2)±)0.2 4.9)±)0.7
 6HDVRQDOLW\ RI 12 (PLVVLRQV
:H FRQVWUXFW D UHGXFHG PDMRU D[LV UHJUHVVLRQ IRU WKH  GDLO\ WDOO WRZHU HQVHPEOH GDWD LQ RUGHU
WR PDNH EURDG PRQWKO\ FRUUHFWLRQV WR H[LVWLQJ LQYHQWRULHV VHH 7DEOH  )LJXUH  VKRZV WKH
PRQWKO\ HPLVVLRQV LQYHQWRU\ FRUUHFWLRQV WDNHQ RYHU WKH HQWLUH HQVHPEOH RI DOO WRZHU VLWHV 1RWH
WKDW -DQXDU\ DQG )HEUXDU\ DUH OXPSHG WRJHWKHU EHFDXVH WKHUH ZHUH RQO\  GD\V RI PRGHO UXQV
IRU WKH IRUPHU PRQWK $OVR ZH GLG QRW FRPSXWH DQ LQYHQWRU\ FRUUHFWLRQ IRU 0DUFK EHFDXVH WZR
RI WKH IRXU WRZHUV GLG QRW UHSRUW DQ\ GDWD
7KH UHVXOWV IURP WKH HQWLUH HQVHPEOH SURYLGH LPSRUWDQW LQIRUPDWLRQ DERXW WKH VHDVRQDO F\
FOH RI 12 RYHU WKH FHQWUDO 86 LQ  1RWH WKDW VLQFH '/(0 LV D GDLO\ LQYHQWRU\ LW LQFOXGHV
HVWLPDWHG VHDVRQDOLW\ ZKLOH *(,$ DQG WKH ('*$5 LQYHQWRULHV RQO\ SURYLGH \HDUO\ HPLVVLRQV
WRWDOV 2XU VWXG\ VKRZV VWURQJO\ VHDVRQDO ÁX[HV WKDW SHDN LQ -XQH DQG IDOO RII DW VLPLODU UDWHV RQ
HLWKHU VLGH RI WKH SHDN 7KH VFDOLQJ IDFWRUV IRU '/(0 UHSUHVHQW FRUUHFWLRQV WR WKH VHDVRQDOLW\ DO
UHDG\ LQFOXGHG LQ WKH LQYHQWRU\ 7KHVH VFDOHUV LQGLFDWH WKDW '/(0 RYHUHVWLPDWHV ÁX[HV GXULQJ
ODWH VXPPHU UHODWLYH WR RWKHU PRQWKV DQG VOLJKWO\ XQGHUHVWLPDWHV VRXUFHV HDUO\ LQ WKH \HDU 7KH
'/(0 DGMXVWPHQW IRU 'HFHPEHU LV DQRPDORXV 7KH LQYHQWRU\ LQ 'HFHPEHU LV  ORZHU WKDQ LQ
HLWKHU 1RYHPEHU RI -DQXDU\ DQG LQYHQWRU\ VRXUFHV GXULQJ WKLV PRQWK VKLIW VRPHZKDW HDVWZDUG
H[SODLQLQJ WKH DQRPDO\ DW OHDVW LQ SDUW
0RGHOHG IRRWSULQWV FKDQJH VOLJKWO\ IURP RQH PRQWK WR DQRWKHU DQG VRPH PRQWKV ODFN PHD

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)LJXUH  &RUUHFWLYH HPLVVLRQV LQYHQWRU\ VFDOLQJ IDFWRUV SURGXFHG E\ WKH 50$ UHJUHVVLRQ IRU WKH HQVHP
EOH RI  WDOO WRZHU GDWD

VXUHPHQWV IURP RQH RU PRUH WRZHUV +HQFH VFDOLQJ IDFWRUV IRU HDFK PRQWK FRXOG EH ZHLJKWHG
WRZDUG FHUWDLQ UHJLRQV EHFDXVH RI PLVVLQJ WRZHUV RU VHDVRQDO FKDQJHV LQ V\QRSWLF WUDQVSRUW $V D
UHVXOW WKH DERYH FRQVWUDLQWV UHSUHVHQW ERWK VHDVRQDO FKDQJHV LQ VXUIDFH VRXUFHV DQG DQ\ DUWLIDFWV
IURP GDWD DYDLODELOLW\ DQG VHDVRQDO IRRWSULQW YDULDWLRQV
 /RFDWLRQ RI 12 (PLVVLRQV
'LIIHUHQW 12 HPLVVLRQV LQYHQWRULHV H[KLELW YHU\ GLIIHUHQW VSDWLDO SDWWHUQV VHH )LJ  ('*$5
LQYHQWRULHV SODFH WKH ODUJHVW VRXUFHV RYHU WKH 86 &RUQEHOW LH ² ,RZD ,OOLQRLV HWF ZKLOH '/(0
SODFHV KLJK HPLVVLRQV LQ PRUH ZHVWHUO\ H[ ² .DQVDV DQG 1HEUDVND DQG VRXWKHUO\ DUHDV H[ ²
7H[DV $UNDQVDV .DQVDV HWF 7KH JHRVWDWLVWLFDO LQYHUVLRQ SURYLGHV D YHU\ WUDQVSDUHQW ZD\ WR
OHDUQ DERXW WKH VSDWLDO GLVWULEXWLRQ RI WKH ÁX[HV EDVHG RQ DWPRVSKHULF GDWD LQGHSHQGHQW RI H[LVW
LQJ HPLVVLRQV LQYHQWRULHV :H FRQGXFWHG WKH JHRVWDWLVWLFDO LQYHUVLRQ IRU WKUHH GLIIHUHQW PRQWKV
0D\  -XO\  XVLQJ 67,/7:5)
)LJXUH  VKRZV WKH D SRVWHULRUL ÁX[ ÀHOGV IRU 0D\ -XQH DQG -XO\ DORQJ ZLWK DVVRFLDWHG D
SRVWHULRUL XQFHUWDLQWLHV DV HVWLPDWHG E\ WKH JHRVWDWLVWLFDO LQYHUVLRQ :H FRQGXFWHG WKH LQYHUVLRQ
RYHU D ODUJH UHJLRQ WKDW LQFOXGHV PRVW RI WKH FRQWLQHQWDO 86 DQG &DQDGD EXW VKRZ UHVXOWV RQO\
IRU WKH DUHD ZLWKLQ WKH  LQÁXHQFH UHJLRQ RI WKH WRZHU VLWHV VHH )LJ  7KH UHVXOWV RI WKH
LQYHUVLRQ VWURQJO\ LQGLFDWH ODUJH 12 VRXUFHV RYHU WKH 86 &RUQ %HOW LH ² ,RZD ,OOLQRLV HWF
7KLV VRXUFH UHJLRQ FRQWLQXHV WR WKH QRUWKZHVW LQWR 1RUWK 'DNRWD ZLWK D GLPLQLVKHG PDJQLWXGH
DQG HPLVVLRQV WDSHU RII TXLFNO\ PRYLQJ ZHVWZDUG LQWR &RORUDGR :\RPLQJ DQG WKH ZHVWHUQ
3ODLQV 6WDWHV
:LWK OLPLWHG DWPRVSKHULF GDWD WKH %D\HVLDQ LQYHUVLRQ FDQQRW IXOO\ FRUUHFW GLVFUHSDQFLHV LQ
VSDWLDO GLVWULEXWLRQ DPRQJ LQYHQWRULHV ,Q WKLV FDVH WKH JHRVWDWLVWLFDO LQYHUVLRQ FDQ LQIRUP RXU
FKRLFH RI D SULRUL LQYHQWRU\ %DVHG ERWK RQ WKH JHRVWDWLVWLFDO VLPXODWLRQV DQG WKH  PHDVXUHPHQW
PRGHO FRUUHODWLRQV ZH VHOHFW ('*$5)7 DV WKH EHVW D SULRUL LQYHQWRU\ IRU WKH %D\HVLDQ
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Uncertainties: June
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)LJXUH  0RQWKO\ D SRVWHULRUL ÁX[HV DQG DVVRFLDWHG XQFHUWDLQWLHV D SRVWHULRUL VWDQGDUG GHYLDWLRQV
HVWLPDWHG IRU WKH JHRVWDWLVWLFDO LQYHUVLRQ 7KLV ÀJXUH LV SORWWLQJ XVLQJ GLIIHUHQW FRORUV IURP )LJ  DQG RQ
GLIIHUHQW VFDOHV WR EHWWHU KLJKOLJKW VSDWLDO WUHQGV

7DEOH  12 EXGJHW LQIRUPDWLRQ IRU  DQG  GDWDVHWV IRU WKH LQYHUVLRQ UHJLRQ VKRZQ LQ )LJ 
LQ 7J1PRQWK 1RWH 7KH UDQJHV LQ  DQG  50$ UHÁHFW GLIIHUHQW LQYHQWRULHV DQG PHWHRURORJLFDO
GULYHUV ZKLOH  JHRVWDWLVWLFDO DQG %D\HVLDQGHULYHG EXGJHWV LQFOXGH D SRVWHULRUL XQFHUWDLQWLHV FDOFX
ODWHG E\ WKH UHVSHFWLYH LQYHUVLRQV
May June July) Aug. Sept. Oct.
LEF)Tower)2004)(RMA) 0.12)–)0.18 0.12)–)0.19 0.073)–).089 0.073)–)0.11 0.056)–)0.068 0.065)–)0.075
Ensemble)2008)(RMA) 0.11)–)0.15 0.16)–)0.29 0.14)–)0.17 0.070)–)0.11 0.032)–)0.074 0.031)–)0.054
Ensemble)2008)(Bayesian)
Ensemble)2008)(Geostatistical) 0.11)±)0.08 0.18)±)0.08 0.13)±)0.07
0.11)±)0.07 0.18)±)0.06) 0.13)±)0.06
LQYHUVLRQ 7KH ('*$5 LQYHQWRULHV DQG *(,$ SODFH PDMRU VRXUFHV RYHU WKH &RUQ %HOW LQ DJUHH
PHQW ZLWK WKH JHRVWDWLVWLFDO VLPXODWLRQV ZKLOH '/(0 SODFHV WKH ODUJHVW VRXUFHV HOVHZKHUH 7KH
('*$5 DQG *(,$ LQYHQWRULHV DOVR SURGXFH WKH KLJKHVW PRGHOPHDVXUHPHQW ÀW 5 DQG ('*$5)7
LQ VSHFLÀF UHTXLUHV OHVV PDJQLWXGH FRUUHFWLRQ WKDQ HLWKHU *(,$ RU ('*$5 Y 
 0DJQLWXGH RI 12 (PLVVLRQV
7KH IROORZLQJ VHFWLRQ GHWDLOV WKH UHVXOWV RI WKH %D\HVLDQ LQYHUVLRQ WR LPSURYH XSRQ H[LVWLQJ
12 HPLVVLRQV LQYHQWRULHV DQG GHWDLOV HVWLPDWHG HPLVVLRQV EXGJHWV IURP WKH YDULHW\ RI VWDWLV
WLFDO PHWKRGV :KLOH WKH JHRVWDWLVWLFDO VHWXS DLPHG WR GLVFHUQ ODUJH VFDOH VSDWLDO SDWWHUQV WKH
%D\HVLDQ VHWXS GHVFULEHG KHUH OHYHUDJHV WKH EHVW H[LVWLQJ LQYHQWRU\ WR SURGXFH D PRUH VSDWLDOO\
UHVROYHG HVWLPDWH RI ÁX[HV 7KH LQYHUVLRQ ZDV FRQGXFWHG IRU 0D\ -XQH DQG -XO\ WKH PRQWKV
ZLWK SHDN 12 ÁX[HV DQG ZLWK QHDUO\ FRPSOHWH WDOO WRZHU GDWD VHWV )LJXUH  SORWV WKH ('*$5)7
D SRVWHULRUL LQYHQWRU\ IURP WKH %D\HVLDQ LQYHUVLRQ DQG )LJ  VKRZV DQ H[DPSOH RI WKH PRG
HOHG WLPH VHULHV IURP WKH /() WRZHU 7KH UHVXOWV ORRN VRPHZKDW VLPLODU WR WKH JHRVWDWLVWLFDO
VHWXS EXW DUH OHVV GLVSHUVLYH DQG KDYH PRUH VSDWLDO GHWDLO
7KH LQYHUVLRQV DQG UHJUHVVLRQV VXJJHVW VRXUFHV WKDW DUH VLJQLÀFDQWO\ ODUJHU WKDQ LQ HLWKHU
('*$5 RU *(,$ IRU QHDUO\ DOO JHRJUDSKLF UHJLRQV DQG WLPHV RI \HDU ,QWHUHVWLQJO\ HVWLPDWHG
HPLVVLRQV LQ WKH QHZHVW UHOHDVH RI ('*$5 Y  DUH ORZHU WKDQ SUHYLRXV UHOHDVHV UHTXLULQJ HYHQ

Posterior fluxes: May
Uncertainties: JuneUncertainties: May
Posterior fluxes: June Posterior fluxes: July
Uncertainties: July
Units: 
μmol/(m2 s)
50
25
50
25
-110 -80 -110 -80 -110 -80
0 4e
-4
8e
-4
1.2e-3
0 5e
-4
1e
-3
2e
-3
0 3e
-4
6e
-3
1e
-3
Tall tower
1.5e-3
)LJXUH  7KH D SRVWHULRUL VRXUFH HVWLPDWHV IRU 12 XVLQJ WKH ('*$5)7 LQYHQWRU\ LQ D %D\HVLDQ
LQYHUVLRQ IUDPHZRUN IRU 0D\ ² -XO\  (DFK PRQWK LV SORWWHG RQ D GLIIHUHQW VFDOH WR EHWWHU KLJKOLJKW
VSDWLDO SDWWHUQV

7DEOH  7KH SHUFHQWDJH RI D SULRUL 12 ÁX[HV LQ WKH 86 DQG &DQDGD WKDW OLH ZLWKLQ WKH LQYHUVLRQ UHJLRQ
DV GLVSOD\HG LQ )LJ 
ODUJHU PRGLÀFDWLRQ 7DEOH  GLVSOD\V PRQWKO\ 12 EXGJHWV IURP WKH LQYHUVLRQV DQG 50$ UH
JUHVVLRQV IRU ERWK  DQG  8VLQJ WKH 50$ UHJUHVVLRQ IRU WKH  HQVHPEOH RI WDOO WRZHU
VLWHV ZH HVWLPDWH DQ DQQXDO 12 EXGJHW RI  ²  7J1\U IRU WKH LQYHUVLRQ UHJLRQ ,I ZH GL
YLGH WKHVH UHVXOWV E\ WKH SHUFHQWDJH RI ÁX[HV LQ WKH LQYHUVLRQ UHJLRQ VHH 7DEOH  ZH FDQ H[
WUDSRODWH WR WKH HQWLUH 86 DQG &DQDGD 7KH UHVXOWLQJ EXGJHW HVWLPDWH IRU WKH 8QLWHG 6WDWHV DQG
&DQDGD LV  ²  7J1\U 7KLV UDQJH RI HVWLPDWHV UHÁHFWV WKH UHVXOWV RI GLIIHUHQW VWDUWLQJ LQ
YHQWRULHV WKH ('*$5 DQG *(,$ LQYHQWRULHV 7KH GLIIHUHQW PHWKRGV SURGXFH VOLJKWO\ GLIIHUHQW
EXGJHW HVWLPDWHV LQ VRPH SDUW GXH WR XQFHUWDLQWLHV LQ WKH ERXQGDU\ FRQGLWLRQ 7KH LQYHUVLRQV
IRU H[DPSOH DSSO\ D VLQJOH ERXQGDU\ FRQGLWLRQ FRUUHFWLRQ IRU WKH HQWLUH VXPPHU SHULRG ZKHUHDV
WKH UHJUHVVLRQV FDOFXODWH D XQLTXH LQWHUFHSW IRU HDFK PRQWK
'LIIHUHQFHV LQ WKH PHWHRURORJLFDO GULYHUV PRGHVWO\ ZLGHQ WKH XQFHUWDLQW\ ERXQGV RQ WKH EXG
JHW HVWLPDWH 2SWLPDO ÁX[HV RQ DYHUDJH ZHUH  ORZHU ZKHQ XVLQJ %5$06 7KH PHDQ VFDOLQJ
IDFWRU IRU ('*$5  RYHU WKH \HDU LV  IRU :5) DQG  IRU %5$06 ,I ZH H[WUDSRODWH WR WKH
 GDWDVHW WKLV UHVXOW VXJJHVWV WKDW %5$06 ZRXOG \LHOG D EXGJHW RI ∼ 7J1\U RYHU WKH FHQ
WUDO 86 DQG ∼ 7J1\U RYHU WKH 86 DQG &DQDGD
7KH EXGJHW QXPEHUV SUHVHQWHG KHUH FRPSDUH ZHOO WR WKRVH HVWLPDWHG LQ SUHYLRXV WRSGRZQ
VWXGLHV RYHU 1RUWK $PHULFD QRWDEO\ .RUW HW DO   7KHVH VWXGLHV HVWLPDWHG D 86 DQG
&DQDGD 12 EXGJHW RI  7J1PRQWK IRU VSULQJ DQG VXPPHU PRQWKV LQ  DQG  7KLV
FRPSDUHV WR D SHDN -XQH 86 DQG &DQDGD EXGJHW RI ∼ ²  7J1\U SUHVHQWHG KHUH DFURVV
D YDULHW\ RI GLIIHUHQW VRXUFH RSWLPL]DWLRQ PHWKRGV 2XU DQQXDO EXGJHW QXPEHU IRU WKH 86 DQG
&DQDGD FRUUHVSRQGV WR  ²  RI WKH WRWDO JOREDO VRXUFH RU  ²  RI WKH JOREDO DQWKURSRJHQLF

VRXUFH  ² DQG  ²  XVLQJ %5$06 UHVSHFWLYHO\ DV UHSRUWHG E\ WKH ,3&& 'HQPDQ
HW DO 
 &RQFOXVLRQV
7KLV VWXG\ FDSWXUHV QLWURXV R[LGH VRXUFHV RYHU WKH DJULFXOWXUDO EHOW RI WKH 8QLWHG 6WDWHV DW PRUH
KLJKO\ UHVROYHG VSDWLDO DQG WHPSRUDO VFDOHV WKDQ SUHYLRXV HVWLPDWHV $ GLYHUVH VHW RI VWDWLVWLFDO
WRROV IURP D VLPSOH UHJUHVVLRQ WR %D\HVLDQ DQG JHRVWDWLVWLFDO LQYHUVLRQV SURYLGH D FORVHU ORRN DW
WKUHH GLIIHUHQW DVSHFWV RI HPLVVLRQV VHDVRQDOLW\ ORFDWLRQ DQG LQWHQVLW\ 7KH ODUJHVW VRXUFHV DS
SHDU RYHU WKH 86 &RUQEHOW LH ² ,RZD ,OOLQRLV ,QGLDQD VRXWKHUQ 0LQQHVRWD HWF ZLWK VPDOOHU
VRXUFHV OLNHO\ H[WHQGLQJ LQWR WKH 'DNRWDV 7KLV UHVXOW LV FRQVLVWHQW ZLWK WKH VSDWLDO SDWWHUQV LQ
WKH ('*$5 DQG *(,$ LQYHQWRULHV 12 HPLVVLRQV SHDN LQ -XQH DQG WDSHU RII TXLFNO\ ERWK EH
IRUH DQG DIWHU D VHDVRQDOLW\ ODUJHO\ PLVVLQJ IURP H[LVWLQJ LQYHQWRULHV 7KH FKRLFH RI PHWHRURORJ\
IRU WKH WUDQVSRUW PRGHO KDG D VLJQLÀFDQW LQÁXHQFH  ±   RQ WKH HVWLPDWHG WRWDO HPLVVLRQV
ZLWK UHODWLYHO\ VPDOO HIIHFW RQ RXU GHULYHG VSDWLDO GLVWULEXWLRQ DQG OLWWOH LPSDFW RQ WKH GHULYHG
VHDVRQDO YDULDWLRQ :H HVWLPDWH D EXGJHW RYHU WKH FHQWUDO 86 RI  ²  7J1\U XVLQJ :5) PH
WHRURORJ\  ²  XVLQJ %5$06 D VRXUFH WKDW LV QRWDEO\ ODUJHU WKDQ WKH ('*$5 DQG *(,$
LQYHQWRULHV 2I SDUWLFXODU QRWH WKH QHZHVW UHOHDVH RI ('*$5 Y  GHFUHDVHV WKH VRXUFH VWUHQJWK
RYHU SUHYLRXV ('*$5 HVWLPDWHV D UHYLVLRQ WKDW LV LQFRQVLVWHQW ZLWK WKH DWPRVSKHULF GDWD
7KH VRXUFHV LQIHUUHG IURP WKH WDOO WRZHU PHDVXUHPHQWV VKRZ VWULNLQJ VLPLODULW\ WR WKH DQ
WLFLSDWHG VSDWLDO DQG WHPSRUDO GLVWULEXWLRQV RI IHUWLOL]HU DSSOLFDWLRQ DQG FRUQ SURGXFWLRQ VXS
SRUWLQJ WKH YLHZ WKDW IHUWLOL]HU SOD\V D GRPLQDQW UROH LQ JHQHUDWLQJ 12 HPLVVLRQV RYHU WKH FHQ
WUDO 86 VHH )LJ  %RWK IHUWLOL]HU XVH DQG 12 HPLVVLRQV FRUUHVSRQG VWURQJO\ ZLWK WKH GLV
WULEXWLRQ RI FRUQ SURGXFWLRQ QRW VKRZQ OLNHO\ GXH WR WKH PDJQLWXGH RI FRUQ SURGXFWLRQ DQG
KLJK IHUWLOL]HU XVH UHODWLYH WR RWKHU FURSV 86'$ 1DWLRQDO $JULFXOWXUDO 6WDWLVWLFV 6HUYLFH 

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)LJXUH  $Q HVWLPDWH RI DQQXDO IHUWLOL]HU XVH WDNHQ IURP 3RWWHU HW DO  7KH D SRVWHULRUL 12 ÁX[HV
IURP ERWK WKH JHRVWDWLVWLFDO DQG %D\HVLDQ LQYHUVLRQV DUH VWURQJO\ VLPLODU WR WKH VSDWLDO GLVWULEXWLRQ RI QL
WURJHQ IHUWLOL]HU 3RWWHU HW DO  HVWLPDWH PDQXUH DSSOLFDWLRQ IRU  DQG V\QWKHWLF IHUWLOL]HU IRU 

)RRG DQG $JULFXOWXUH 2UJDQL]DWLRQ RI WKH 8QLWHG 1DWLRQV 3ODQW 3URGXFWLRQ 3URWHFWLRQ 'LYLVLRQ
 *LYHQ WKLV FRUUHVSRQGHQFH EHWZHHQ FRUQ DQG 12 WKH SRWHQWLDO IRU VLJQLÀFDQW DJULFXO
WXUDO JUHHQKRXVH JDV HPLVVLRQV DUH LPSRUWDQW WR FRQVLGHU ZKHQ ZHLJKLQJ WKH FRVWV DQG EHQHÀWV
RI FRUQ VXEVLGLHV DQG HWKDQRO SURGXFWLRQ

$QWKURSRJHQLF HPLVVLRQV RI PHWKDQH LQ WKH 8QLWHG 6WDWHV
7KLV FKDSWHU RULJLQDOO\ DSSHDUHG DV D UHVHDUFK DUWLFOH LQ WKH 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FL
HQFHV )RU WKH RULJLQDO DUWLFOH UHIHU WR 0LOOHU HW DO 
7KLV VWXG\ TXDQWLWDWLYHO\ HVWLPDWHV WKH VSDWLDO GLVWULEXWLRQ RI DQWKURSRJHQLF PHWKDQH VRXUFHV
LQ WKH 8QLWHG 6WDWHV E\ FRPELQLQJ FRPSUHKHQVLYH DWPRVSKHULF PHWKDQH REVHUYDWLRQV H[WHQVLYH
VSDWLDO GDWDVHWV DQG D KLJKUHVROXWLRQ DWPRVSKHULF WUDQVSRUW PRGHO 5HVXOWV VKRZ WKDW FXUUHQW
LQYHQWRULHV IURP 86 (3$ DQG ('*$5 XQGHUHVWLPDWH PHWKDQH HPLVVLRQV QDWLRQDOO\ E\ D IDFWRU
RI ∼ DQG ∼ UHVSHFWLYHO\ 2XU VWXG\ LQGLFDWHV WKDW HPLVVLRQV GXH WR UXPLQDQWV DQG PDQXUH
DUH XS WR WZLFH WKH PDJQLWXGH RI H[LVWLQJ LQYHQWRULHV ,Q DGGLWLRQ WKH GLVFUHSDQF\ LQ PHWKDQH
VRXUFH HVWLPDWHV LV SDUWLFXODUO\ SURQRXQFHG LQ WKH VRXWKFHQWUDO 86 ZKHUH ZH ÀQG WRWDO HPLV
VLRQV DUH ∼ WLPHV JUHDWHU WKDQ LQ PRVW LQYHQWRULHV DQG DFFRXQW IRU  ±  RI QDWLRQDO HPLV
VLRQV 7KH VSDWLDO SDWWHUQV RI RXU HPLVVLRQ ÁX[HV DQG REVHUYHG PHWKDQHSURSDQH FRUUHODWLRQV
LQGLFDWH WKDW IRVVLO IXHO H[WUDFWLRQ DQG UHÀQLQJ DUH PDMRU FRQWULEXWRUV  ±  LQ WKH VRXWK
FHQWUDO 86 7KLV VXJJHVWV WKDW UHJLRQDO PHWKDQH HPLVVLRQV GXH WR IRVVLO IXHO H[WUDFWLRQ DQG SUR

FHVVLQJ FRXOG EH  ±  WLPHV ODUJHU WKDQ LQ ('*$5 WKH PRVW FRPSUHKHQVLYH JOREDO PHWKDQH
LQYHQWRU\ 7KHVH UHVXOWV FDVW GRXEW RQ 86 (3$·V UHFHQW GHFLVLRQ WR GRZQVFDOH LWV HVWLPDWH RI QD
WLRQDO QDWXUDO JDV HPLVVLRQV E\ ² 2YHUDOO ZH FRQFOXGH WKDW PHWKDQH HPLVVLRQV DVVRFLDWHG
ZLWK ERWK WKH DQLPDO KXVEDQGU\ DQG IRVVLO IXHO LQGXVWULHV KDYH ODUJHU JUHHQKRXVH JDV LPSDFWV
WKDQ LQGLFDWHG E\ H[LVWLQJ LQYHQWRULHV
 ,QWURGXFWLRQ
0HWKDQH &+ LV WKH VHFRQG PRVW LPSRUWDQW DQWKURSRJHQLF JUHHQKRXVH JDV ZLWK DSSUR[LPDWHO\
RQH WKLUG WKH WRWDO UDGLDWLYH IRUFLQJ RI FDUERQ GLR[LGH %XWOHU  &+ DOVR HQKDQFHV WKH IRU
PDWLRQ RI VXUIDFH R]RQH LQ SRSXODWHG DUHDV DQG WKXV KLJKHU JOREDO FRQFHQWUDWLRQV RI &+ PD\
VLJQLÀFDQWO\ LQFUHDVH JURXQGOHYHO R]RQH LQ WKH 1RUWKHUQ +HPLVSKHUH )LRUH HW DO  )XU
WKHUPRUH PHWKDQH DIIHFWV WKH DELOLW\ RI WKH DWPRVSKHUH WR R[LGL]H RWKHU SROOXWDQWV DQG SOD\V D
UROH LQ ZDWHU IRUPDWLRQ ZLWKLQ WKH VWUDWRVSKHUH -DFRE 
$WPRVSKHULF FRQFHQWUDWLRQV RI &+ ∼ SSE DUH FXUUHQWO\ PXFK KLJKHU WKDQ SUHLQGXVWULDO
OHYHOV ∼² SSE %XWOHU  0LWFKHOO HW DO  7KH JOREDO DWPRVSKHULF EXUGHQ VWDUWHG
WR ULVH UDSLGO\ LQ WKH WK FHQWXU\ DQG SDXVHG LQ WKH V 0HWKDQH OHYHOV EHJDQ WR LQFUHDVH
DJDLQ PRUH UHFHQWO\ SRWHQWLDOO\ IURP D FRPELQDWLRQ RI LQFUHDVHG DQWKURSRJHQLF DQGRU WURSLFDO
ZHWODQG HPLVVLRQV 'OXJRNHQFN\ HW DO  6XVVPDQQ HW DO  .LUVFKNH HW DO  'HEDWH
FRQWLQXHV KRZHYHU RYHU WKH FDXVHV EHKLQG WKHVH UHFHQW WUHQGV :DQJ HW DO  .LUVFKNH HW DO

$QWKURSRJHQLF HPLVVLRQV DFFRXQW IRU  ²  RI WKH JOREDO &+ EXGJHW RI ∼² 7J&
\U− ² 7J &+ &LDLV HW DO  .LUVFKNH HW DO  7KH 86 (3$ HVWLPDWHV WKH SULQFL
SDO DQWKURSRJHQLF VRXUFHV LQ WKH 8QLWHG 6WDWHV WR EH LQ RUGHU RI LPSRUWDQFH  OLYHVWRFN HQWHULF
IHUPHQWDWLRQ DQG PDQXUH PDQDJHPHQW  QDWXUDO JDV SURGXFWLRQ DQG GLVWULEXWLRQ  ODQGÀOOV

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)LJXUH  86 DQWKURSRJHQLF PHWKDQH EXGJHWV IURP WKLV VWXG\ SUHYLRXV WRSGRZQ HVWLPDWHV DQG IURP
H[LVWLQJ HPLVVLRQV LQYHQWRULHV 7KH VRXWKFHQWUDO 86 LQFOXGHV 7H[DV 2NODKRPD DQG /RXLVLDQD 86 (3$
RQO\ HVWLPDWHV QDWLRQDO QRW UHJLRQDO HPLVVLRQV EXGJHWV )XUWKHUPRUH QDWLRQDO EXGJHW HVWLPDWHV IURP
('*$5 (3$ DQG .RUW HW DO LQFOXGH $ODVND DQG +DZDLL ZKLOH WKLV VWXG\ GRHV QRW
DQG  FRDO PLQLQJ 86 (3$  (3$ DVVHVVHV KXPDQDVVRFLDWHG HPLVVLRQV LQ WKH 86 LQ 
DW  7J& URXJKO\  RI JOREDO HPLVVLRQV 86 (3$ 
7KH DPRXQW RI DQWKURSRJHQLF &+ HPLVVLRQV LQ WKH 86 DQG DWWULEXWLRQV E\ VHFWRU DQG UH
JLRQ DUH FRQWURYHUVLDO VHH )LJ  %RWWRPXS LQYHQWRULHV IURP 86 (3$ DQG ('*$5 JLYH
WRWDOV UDQJLQJ IURP  WR  7J& \U− 2OLYLHU 	 3HWHUV  86 (3$  7KH PRVW UH
FHQW (3$ DQG ('*$5 LQYHQWRULHV UHSRUW ORZHU 86 DQWKURSRJHQLF HPLVVLRQV FRPSDUHG WR SUH
YLRXV YHUVLRQV GHFUHDVHG E\  DQG  UHVSHFWLYHO\ 86 (3$  (XURSHDQ &RPPLVVLRQ

-RLQW 5HVHDUFK &HQWUH -5&1HWKHUODQGV (QYLURQPHQWDO $VVHVVPHQW $JHQF\ 3%/  WKLV
FKDQJH SULPDULO\ UHÁHFWV ORZHU UHYLVHG HPLVVLRQV HVWLPDWHV IURP QDWXUDO JDV DQG FRDO SURGXF
WLRQ +RZHYHU UHFHQW DQDO\VLV RI &+ GDWD IURP DLUFUDIW HVWLPDWHV D KLJKHU EXGJHW RI  ±
 7J& \U− IRU  .RUW HW DO  )XUWKHUPRUH DWPRVSKHULF REVHUYDWLRQV LQGLFDWH KLJKHU
HPLVVLRQV LQ QDWXUDO JDV SURGXFWLRQ DUHDV .DW]HQVWHLQ HW DO  3HWURQ HW DO  .DULRQ
HW DO  D VWHDG\ \HDU LQFUHDVH LQ WKH QXPEHU RI 86 ZHOOV DQG QHZO\DGRSWHG KRUL]RQWDO
GULOOLQJ WHFKQLTXHV PD\ KDYH IXUWKHU LQFUHDVHG HPLVVLRQV LQ WKHVH UHJLRQV +RZDUWK HW DO 
86 (QHUJ\ ,QIRUPDWLRQ $GPLQLVWUDWLRQ 
7KHVH GLVSDULWLHV DPRQJ ERWWRPXS DQG WRSGRZQ VWXGLHV VXJJHVW PXFK JUHDWHU XQFHUWDLQW\
LQ HPLVVLRQV WKDQ W\SLFDOO\ UHSRUWHG )RU H[DPSOH (3$ FLWHV DQ XQFHUWDLQW\ RI RQO\ ± IRU
WKH IRU 86 86 (3$  ,QGHSHQGHQW DVVHVVPHQWV RI ERWWRPXS LQYHQWRULHV JLYH HUURU UDQJHV
RI ² 1DWLRQDO 5HVHDUFK &RXQFLO  'OXJRNHQFN\ HW DO  DQG YDOXHV IURP .RUW
HW DO DUH  ±  KLJKHU WKDQ (3$ .RUW HW DO  $VVHVVPHQWV RI &+ VRXUFHV WR LQIRUP
SROLF\ HJ UHJXODWLQJ HPLVVLRQV RU PDQDJLQJ HQHUJ\ UHVRXUFHV UHTXLUH PRUH DFFXUDWH YHULÀHG
HVWLPDWHV IRU WKH 86
7KLV VWXG\ HVWLPDWHV DQWKURSRJHQLF &+ HPLVVLRQV RYHU WKH 8QLWHG 6WDWHV IRU  DQG 
XVLQJ FRPSUHKHQVLYH &+ REVHUYDWLRQV IURP WKH H[SDQGHG 12$$'2( FRRSHUDWLYH DLU VDP
SOLQJ QHWZRUN DW WKH VXUIDFH RQ WHOHFRPPXQLFDWLRQV WRZHUV DQG IURP DLUFUDIW FRPELQHG ZLWK
DQ DWPRVSKHULF WUDQVSRUW PRGHO DQG D JHRVWDWLVWLFDO LQYHUVH PRGHOLQJ *,0 IUDPHZRUN :H
XWLOL]H DX[LOLDU\ VSDWLDO GDWD HJ RQ SRSXODWLRQ GHQVLW\ DQG HFRQRPLF DFWLYLW\ DQG OHYHUDJH
FRQFXUUHQW PHDVXUHPHQWV RI DONDQHV WR KHOS DWWULEXWH HPLVVLRQV WR VSHFLÀF HFRQRPLF VHFWRUV 7KH
ZRUN SURYLGHV VSDWLDOO\UHVROYHG &+ HPLVVLRQV HVWLPDWHV DQG DVVRFLDWHG XQFHUWDLQWLHV DV ZHOO
DV LQIRUPDWLRQ E\ VRXUFH VHFWRU ERWK SUHYLRXVO\ XQDYDLODEOH

 0RGHO DQG REVHUYDWLRQ IUDPHZRUN
:H HPSOR\ WKH 6WRFKDVWLF 7LPH,QYHUWHG /DJUDQJLDQ 7UDQVSRUW PRGHO 67,/7 WR FDOFXODWH WKH
WUDQVSRUW RI &+ IURP HPLVVLRQ SRLQWV DW WKH JURXQG WR PHDVXUHPHQW ORFDWLRQV LQ WKH DWPR
VSKHUH /LQ HW DO  67,/7 IROORZV DQ HQVHPEOH RI SDUWLFOHV EDFNZDUG LQ WLPH VWDUWLQJ IURP
HDFK REVHUYDWLRQ VLWH XVLQJ ZLQG ÀHOGV DQG WXUEXOHQFH PRGHOHG E\ WKH :HDWKHU 5HVHDUFK DQG
)RUHFDVWLQJ :5) PRGHO 1HKUNRUQ HW DO  67,/7 GHULYHV DQ LQÁXHQFH IXQFWLRQ ´IRRW
SULQWµ XQLWV SSE &+ SHU XQLW HPLVVLRQ ÁX[ OLQNLQJ XSZLQG HPLVVLRQV WR HDFK PHDVXUHPHQW
,QSXWV RI &+ IURP VXUIDFH VRXUFHV DORQJ WKH HQVHPEOH RI EDFNWUDMHFWRULHV DUH DYHUDJHG WR FRP
SXWH WKH &+ FRQFHQWUDWLRQ IRU FRPSDULVRQ ZLWK HDFK REVHUYDWLRQ
:H XVH REVHUYDWLRQV IRU  DQG  IURP GLYHUVH ORFDWLRQV DQG PHDVXUHPHQW SODWIRUPV
7KH SULQFLSDO REVHUYDWLRQV GHULYH IURP GDLO\ ÁDVN VDPSOHV RQ WDOO WRZHUV LQ WKH 12$$ PHD
VXUHPHQW QHWZRUN  WRWDO REVHUYDWLRQV DQG YHUWLFDO SURÀOHV IURP DLUFUDIW  REVHUYDWLRQV
REWDLQHG GXULQJ UHJXODU 12$$ ÁLJKWV 12$$ (65/  UHJXODU '2( ÁLJKWV %LUDXG HW DO
 DQG IURP WKH 67$57 DLUFUDIW FDPSDLJQ 3DQ HW DO  ORFDWLRQV DUH GLVSOD\HG LQ )LJ
 :H XVH D *,0 IUDPHZRUN .LWDQLGLV 	 9RPYRULV  0LFKDODN HW DO  WR DQDO\]H WKH
IRRWSULQWV IRU HDFK RI WKH  REVHUYDWLRQV DQG WKHVH IRRWSULQWV YDU\ E\ VLWH DQG ZLWK ZLQG
FRQGLWLRQV ,Q DJJUHJDWH WKH IRRWSULQWV SURYLGH VSDWLDOO\ UHVROYHG FRYHUDJH RI PRVW RI WKH FRQWL
QHQWDO 86 H[FHSW WKH VRXWKHDVW FRDVWDO UHJLRQ VHH VXSSO )LJ 
7KH *,0 IUDPHZRUN XVLQJ IRRWSULQWV DQG FRQFHQWUDWLRQ PHDVXUHPHQWV RSWLPL]HV &+ VRXUFHV
VHSDUDWHO\ IRU HDFK PRQWK RI  DQG  RQ D ◦ [ ◦ ODWLWXGHORQJLWXGH JULG IRU WKH 8QLWHG
6WDWHV 7KH FRQWULEXWLRQV RI ÁX[HV IURP QDWXUDO ZHWODQGV DUH PRGHOHG ÀUVW DQG VXEWUDFWHG IURP
WKH REVHUYHG &+  7J& \U− IRU WKH FRQWLQHQWDO 86 WKHVH ÁX[HV DUH PXFK VPDOOHU WKDQ DQ
WKURSRJHQLF VRXUFHV LQ WKH 86 DQG WKXV ZRXOG EH GLIÀFXOW WR LQGHSHQGHQWO\ FRQVWUDLQ IURP DWPR
VSKHULF GDWD VHH VXSSOHPHQW

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Aircraft (7710 obs.)
Tower   (4984 obs.)
497 obs.
700 obs.
719 obs.
1167 obs.
652 obs.
700 obs.
119 obs.
224 obs.
206 obs.
)LJXUH  &+ FRQFHQWUDWLRQ PHDVXUHPHQWV IURP  DQG  DQG WKH QXPEHU RI REVHUYDWLRQV DVVRFL
DWHG ZLWK HDFK PHDVXUHPHQW W\SH %OXH WH[W OLVWV WKH QXPEHU RI REVHUYDWLRQV DVVRFLDWHG ZLWK HDFK VWDWLRQ
DU\ WRZHU PHDVXUHPHQW VLWH

7KH *,0 IUDPHZRUN UHSUHVHQWV WKH ÁX[ GLVWULEXWLRQ IRU HDFK PRQWK XVLQJ D GHWHUPLQLVWLF VSD
WLDO PRGHO SOXV D VWRFKDVWLF VSDWLDOO\FRUUHODWHG UHVLGXDO ERWK HVWLPDWHG IURP WKH DWPRVSKHULF
REVHUYDWLRQV 7KH GHWHUPLQLVWLF FRPSRQHQW LV JLYHQ E\ D ZHLJKWHG OLQHDU FRPELQDWLRQ RI VSD
WLDO DFWLYLW\ GDWD IURP WKH ('*$5  LQYHQWRU\ WKHVH GDWDVHWV LQFOXGH DQ\ HFRQRPLF RU GHPR
JUDSKLF GDWD WKDW PD\ SUHGLFW WKH GLVWULEXWLRQ RI &+ HPLVVLRQV HJ JDV SURGXFWLRQ KXPDQ
DQG UXPLQDQW SRSXODWLRQ GHQVLWLHV HWF %RWK WKH VHOHFWLRQ RI WKH DFWLYLW\ GDWDVHWV WR EH UHWDLQHG
LQ WKH PRGHO DQG WKH DVVRFLDWHG ZHLJKWV HPLVVLRQ IDFWRUV DUH RSWLPL]HG WR EHVW PDWFK RE
VHUYHG &+ FRQFHQWUDWLRQV ,QLWLDOO\ VHYHQ DFWLYLW\ GDWDVHWV DUH LQFOXGHG 7DEOH  IURP ('*$5
 :H VHOHFW WKH PLQLPXP QXPEHU RI GDWDVHWV ZLWK WKH JUHDWHVW SUHGLFWLYH DELOLW\ XVLQJ WKH
%D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ %,& VHH VXSSOHPHQW *RXUGML HW DO  %,& QXPHULFDOO\
VFRUHV DOO FRPELQDWLRQV RI DYDLODEOH GDWDVHWV EDVHG RQ KRZ ZHOO WKH\ LPSURYH JRRGQHVV RI ÀW DQG
DSSOLHV D SHQDOW\ WKDW LQFUHDVHV ZLWK WKH QXPEHU RI GDWDVHWV UHWDLQHG
7KH VWRFKDVWLF FRPSRQHQW UHSUHVHQWV VRXUFHV WKDW GR QRW ÀW WKH VSDWLDO SDWWHUQV RI WKH DFWLY
LW\ GDWD *,0 XVHV D FRYDULDQFH IXQFWLRQ WR GHVFULEH WKH VSDWLDO DQG WHPSRUDO FRUUHODWLRQ RI WKH
VWRFKDVWLF FRPSRQHQW DQG RSWLPL]HV LWV VSDWLDO DQG WHPSRUDO GLVWULEXWLRQ VLPXOWDQHRXVO\ ZLWK
WKH RSWLPL]DWLRQ RI WKH DFWLYLW\ GDWDVHWV LQ WKH GHWHUPLQLVWLF FRPSRQHQW VHH VXSSOHPHQW .L
WDQLGLV 	 9RPYRULV  0LFKDODN HW DO  *RXUGML HW DO  %HFDXVH RI WKH VWRFKDVWLF
FRPSRQHQW WKH ÀQDO HPLVVLRQV HVWLPDWH FDQ KDYH D GLIIHUHQW VSDWLDO DQG WHPSRUDO GLVWULEXWLRQ
IURP DQ\ FRPELQDWLRQ RI WKH DFWLYLW\ GDWD
,I WKH REVHUYDWLRQ QHWZRUN LV VHQVLWLYH WR D EURDG DUUD\ RI GLIIHUHQW VRXUFH VHFWRUV DQGRU LI
WKH VSDWLDO DFWLYLW\ PDSV DUH HIIHFWLYH DW H[SODLQLQJ WKRVH VRXUFHV PDQ\ DFWLYLW\ GDWDVHWV ZLOO EH
LQFOXGHG LQ WKH GHWHUPLQLVWLF PRGHO ,I WKH GHWHUPLQLVWLF PRGHO H[SODLQV WKH REVHUYDWLRQV ZHOO
WKH PDJQLWXGH RI &+ HPLVVLRQV LQ WKH VWRFKDVWLF FRPSRQHQW ZLOO EH VPDOO WKH DVVLJQPHQW WR
VSHFLÀF VHFWRUV ZLOO EH XQDPELJXRXV DQG XQFHUWDLQWLHV LQ WKH HPLVVLRQV HVWLPDWHV ZLOO EH VPDOO
7KLV LV QRW WKH FDVH KHUH DV GLVFXVVHG EHORZ

$ QXPEHU RI SUHYLRXV VWXGLHV HPSOR\HG WRSGRZQ PHWKRGV WR FRQVWUDLQ DQWKURSRJHQLF &+
VRXUFHV IURP JOREDO &KHQ 	 3ULQQ  0HLULQN HW DO  %HUJDPDVFKL HW DO  %RXVTXHW
HW DO  0RQWHLO HW DO  WR UHJLRQDO .DW]HQVWHLQ HW DO  .RUW HW DO  =KDR HW DO
 .RUW HW DO  -HRQJ HW DO  3HLVFKO HW DO  3HWURQ HW DO  :HQQEHUJ HW DO
 VFDOHV RYHU 1RUWK $PHULFD 7KH UHJLRQDO VWXGLHV DGRSWHG RQH RI WKUHH DSSURDFKHV XVH D
VLPSOH ER[ PRGHO WR HVWLPDWH DQ RYHUDOO &+ EXGJHW .DW]HQVWHLQ HW DO  HVWLPDWH D EXGJHW
XVLQJ WKH UHODWLYH UDWLRV RI GLIIHUHQW JDVHV 0LOOHU HW DO D 3HLVFKO HW DO  3HWURQ HW DO
 :HQQEHUJ HW DO  RU HVWLPDWH VFDOLQJ IDFWRUV IRU LQYHQWRULHV E\ UHJLRQ RU VRXUFH W\SH
.RUW HW DO  =KDR HW DO  .RUW HW DO  -HRQJ HW DO  7KH ÀUVW WZR PHWKRGV GR
QRW XVXDOO\ JLYH H[SOLFLW LQIRUPDWLRQ DERXW JHRJUDSKLF GLVWULEXWLRQ 7KH ODVW DSSURDFK SURYLGHV
LQIRUPDWLRQ DERXW WKH JHRJUDSKLF GLVWULEXWLRQ RI VRXUFHV EXW UHVXOWV KLQJH RQ WKH VSDWLDO DFFX
UDF\ RI WKH XQGHUO\LQJ UHJLRQDO RU VHFWRUDO HPLVVLRQV LQYHQWRULHV /DZ HW DO 
+HUH ZH DUH DEOH WR SURYLGH PRUH LQVLJKW LQWR WKH VSDWLDO GLVWULEXWLRQ RI HPLVVLRQV OLNH WKH
VFDOLQJ IDFWRU PHWKRG DERYH ZH OHYHUDJH VSDWLDO LQIRUPDWLRQ DERXW VRXUFH VHFWRUV IURP DQ H[
LVWLQJ LQYHQWRU\ EXW LQ DGGLWLRQ ZH HVWLPDWH WKH GLVWULEXWLRQ RI HPLVVLRQV ZKHUH WKH LQYHQWRU\
LV GHÀFLHQW :H IXUWKHU EROVWHU DWWULEXWLRQ RI UHJLRQDO HPLVVLRQV IURP WKH HQHUJ\ LQGXVWU\ XVLQJ
WKH REVHUYHG FRUUHODWLRQ RI &+ DQG SURSDQH D JDV QRW SURGXFHG E\ ELRJHQLF SURFHVVHV OLNH OLYH
VWRFN DQG ODQGÀOOV
 5HVXOWV
 6SDWLDO GLVWULEXWLRQ RI &+ HPLVVLRQV
)LJXUH  GLVSOD\V WKH UHVXOW RI WKH WZR\HDU PHDQ RI WKH PRQWKO\ &+ LQYHUVLRQV DQG GLIIHU
HQFHV IURP WKH ('*$5  LQYHQWRU\ :H ÀQG HPLVVLRQV IRU WKH 8QLWHG 6WDWHV WKDW DUH D IDFWRU
RI  ODUJHU WKDQ WKH ('*$5 LQYHQWRU\ 7KH RSWLPL]HG HPLVVLRQV HVWLPDWHG E\ WKLV VWXG\ EULQJ

μmol m-2 s-1
This study (2007-2008 average)                   EDGARv4.2 inventory                     This study minus EDGARv4.2
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)LJXUH  7KH WZR \HDU DYHUDJHG &+ HPLVVLRQV HVWLPDWHG LQ WKLV VWXG\ D FRPSDUHG DJDLQVW WKH FRP
PRQO\ XVHG ('*$5  LQYHQWRU\ E F (PLVVLRQV HVWLPDWHG LQ WKLV VWXG\ DUH JUHDWHU WKDQ LQ ('*$5 
HVSHFLDOO\ QHDU 7H[DV DQG &DOLIRUQLD
WKH PRGHO FORVHU LQ OLQH ZLWK WKH REVHUYDWLRQV VHH )LJV  DQG 6 3RVWHULRU HPLVVLRQV ÀW WKH
&+ REVHUYDWLRQV 5 = . 506(   SSE PXFK EHWWHU WKDQ ('*$5 Y 5 = . 506(
  SSE (YLGHQWO\ WKH VSDWLDO GLVWULEXWLRQ RI ('*$5 VRXUFHV LV LQFRQVLVWHQW ZLWK HPLVVLRQV
SDWWHUQV LPSOLHG E\ WKH &+ PHDVXUHPHQWV DQG DVVRFLDWHG IRRWSULQWV
6HYHUDO GLDJQRVWLF PHDVXUHV SUHFOXGH WKH SRVVLELOLW\ RI PDMRU V\VWHPDWLF HUURUV LQ :5)67,/7
)LUVW H[FHOOHQW DJUHHPHQW EHWZHHQ WKH PRGHO DQG PHDVXUHG YHUWLFDO SURÀOHV IURP DLUFUDIW LP
SOLHV OLWWOH ELDV LQ PRGHOHG YHUWLFDO DLU PL[LQJ HJ ERXQGDU\ OD\HU KHLJKWV )LJ  6HFRQG WKH
PRQWKO\ SRVWHULRU HPLVVLRQV HVWLPDWHG E\ WKH LQYHUVLRQ ODFN VWDWLVWLFDOO\ VLJQLÀFDQW VHDVRQDOLW\
VHH VXSSOHPHQW )LJ  7KLV LPSOLHV WKDW VHDVRQDOO\YDU\LQJ ZHDWKHU SDWWHUQV GR QRW SURGXFH
GHWHFWDEOH ELDVHV LQ :5)67,/7 7KH VXSSOHPHQW GLVFXVVHV SRVVLEOH PRGHO HUURUV DQG ELDVHV LQ
JUHDWHU GHWDLO
&+ REVHUYDWLRQV DUH VSDUVH RYHU SDUWV RI WKH VRXWKHUQ DQG FHQWUDO (DVW &RDVW DQG LQ WKH 3D
FLÀF 1RUWKZHVW (PLVVLRQV HVWLPDWHV IRU WKHVH UHJLRQV WKHUHIRUH UHO\ PRUH VWURQJO\ RQ WKH GH
WHUPLQLVWLF FRPSRQHQW RI WKH ÁX[ PRGHO ZLWK ZHLJKWV FRQVWUDLQHG SULPDULO\ E\ REVHUYDWLRQV
HOVHZKHUH +HQFH HPLVVLRQV LQ WKHVH DUHDV LQFOXGLQJ IURP FRDO PLQLQJ DUH SRRUO\ FRQVWUDLQHG

All sites      Ponca City, Oklahoma            Cape May, NJ          West Branch, IA
       (SGP)                    (CMA)          (WBI)
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)LJXUH  $ PRGHOPHDVXUHPHQW FRPSDULVRQ DW VHYHUDO UHJXODU 12$$ DLUFUDIW PRQLWRULQJ VLWHV DYHU
DJHG RYHU ² 3ORWV LQFOXGH WKH PHDVXUHPHQWV WKH PRGHOHG ERXQGDU\ FRQGLWLRQ WKH VXPPHG
ERXQGDU\ FRQGLWLRQ DQG ZHWODQG FRQWULEXWLRQ IURP WKH .DSODQ PRGHO DQG WKH VXPPHG ERXQGDU\ ZHW
ODQG DQG DQWKURSRJHQLF FRQWULEXWLRQV IURP ('*$5 Y DQG WKH SRVWHULRU HPLVVLRQV HVWLPDWH
VHH VXSSOHPHQW
 &RQWULEXWLRQ RI GLIIHUHQW VRXUFH VHFWRUV
2QO\ WZR VSDWLDO DFWLYLW\ GDWDVHWV LQ 7DEOH  DUH VHOHFWHG WKURXJK WKH %,& DV PHDQLQJIXO SUHGLF
WRUV RI &+ REVHUYDWLRQV RYHU WKH 86 SRSXODWLRQ GHQVLWLHV RI KXPDQV DQG UXPLQDQWV 6RPH VHF
WRUV DUH HOLPLQDWHG E\ WKH %,& EHFDXVH HPLVVLRQV DUH VLWXDWHG IDU IURP REVHUYDWLRQ VLWHV HJ
FRDO PLQLQJ LQ :HVW 9LUJLQLD RU 3HQQV\OYDQLD PDNLQJ DYDLODEOH &+ GDWD LQVHQVLWLYH WR WKHVH
SUHGLFWRUV 2WKHU VHFWRUV PD\ VWURQJO\ DIIHFW REVHUYHG FRQFHQWUDWLRQV EXW DUH QRW VHOHFWHG LQGL
FDWLQJ WKDW WKH VSDWLDO GDWDVHWV IURP ('*$5 DUH SRRU SUHGLFWRUV IRU WKH GLVWULEXWLRQ RI REVHUYHG
FRQFHQWUDWLRQV HJ RLO DQG QDWXUDO JDV H[WUDFWLRQ DQG RLO UHÀQLQJ 6RXUFHV IURP WKHVH VHFWRUV
DSSHDU LQ WKH VWRFKDVWLF FRPSRQHQW RI WKH *,0 VHH VXSSOHPHQW
7KH UHVXOWV LPSO\ WKDW H[LVWLQJ LQYHQWRULHV XQGHUHVWLPDWH HPLVVLRQV IURP WZR NH\ VHFWRUV UX
PLQDQWV DQG IRVVLO IXHO H[WUDFWLRQ DQGRU SURFHVVLQJ GLVFXVVHG LQ GHWDLO EHORZ

:H XVH WKH RSWLPL]HG UXPLQDQW DFWLYLW\ GDWDVHW WR HVWLPDWH WKH PDJQLWXGH RI HPLVVLRQV ZLWK
VSDWLDO SDWWHUQV VLPLODU WR DQLPDO KXVEDQGU\ DQG PDQXUH 2XU FRUUHVSRQGLQJ 86 EXGJHW RI 
±  7J& \U− LV QHDUO\ WZLFH WKDW RI ('*$5 DQG (3$  DQG  UHVSHFWLYHO\ 7KH WRWDO SRV
WHULRU HPLVVLRQV HVWLPDWH RYHU WKH QRUWKHUQ SODLQV D UHJLRQ ZLWK KLJK UXPLQDQW GHQVLW\ EXW OLW
WOH IRVVLO IXHO H[WUDFWLRQ IXUWKHU VXSSRUWV WKH UXPLQDQW HVWLPDWH 1HEUDVND ,RZD :LVFRQVLQ
0LQQHVRWD DQG 6RXWK 'DNRWD 2XU WRWDO EXGJHW IRU WKLV UHJLRQ RI  ±  FRPSDUHV WR  7J&
\U− LQ ('*$5 5XPLQDQWV DQG DJULFXOWXUH PD\ DOVR EH SDUWLDOO\ UHVSRQVLEOH IRU KLJK HPLVVLRQV
RYHU &DOLIRUQLD -HRQJ HW DO  ('*$5 DFWLYLW\ GDWDVHWV DUH SRRU RYHU &DOLIRUQLD ;LDQJ
HW DO D EXW VHYHUDO UHFHQW VWXGLHV =KDR HW DO  -HRQJ HW DO  3HLVFKO HW DO 
:HQQEHUJ HW DO  -HRQJ HW DO  KDYH SURYLGHG GHWDLOHG WRSGRZQ HPLVVLRQV HVWLPDWHV
IRU WKH VWDWH XVLQJ GDWDVHWV IURP VWDWH DJHQFLHV
([LVWLQJ LQYHQWRULHV DOVR JUHDWO\ XQGHUHVWLPDWH &+ VRXUFHV IURP WKH VRXWKFHQWUDO 86 VHH
)LJ  :H ÀQG WKH WRWDO &+ VRXUFH IURP 7H[DV 2NODKRPD DQG .DQVDV WR EH  ±  7J&
\U− D IDFWRU RI  KLJKHU WKDQ WKH ('*$5 LQYHQWRU\ 7KHVH WKUHH VWDWHV DORQH FRQVWLWXWH ∼
±  RI WKH WRWDO 8QLWHG 6WDWHV DQWKURSRJHQLF &+ EXGJHW RU  RI QHW 86 JUHHQKRXVH JDV
HPLVVLRQV LQ &2 HTXLYDOHQWV 86 (3$ 
7H[DV DQG 2NODKRPD ZHUH DPRQJ WKH WRS ÀYH QDWXUDO JDV SURGXFLQJ VWDWHV LQ WKH FRXQWU\ LQ
 86 (QHUJ\ ,QIRUPDWLRQ $GPLQLVWUDWLRQ  DQG DLUFUDIW REVHUYDWLRQV RI DONDQHV LQGLFDWH
WKDW WKH QDWXUDO JDV DQGRU RLO LQGXVWULHV SOD\ D VLJQLÀFDQW UROH LQ UHJLRQDO &+ HPLVVLRQV &RQ
FHQWUDWLRQV RI SURSDQH &+ D WUDFHU RI IRVVLO K\GURFDUERQV .RSSPDQQ  DUH VWURQJO\
FRUUHODWHG ZLWK &+ DW 12$$'2( DLUFUDIW PRQLWRULQJ ORFDWLRQV RYHU 7H[DV DQG 2NODKRPD
5 = . VHH )LJ  &RUUHODWLRQV DUH PXFK ZHDNHU DW RWKHU ORFDWLRQV LQ 1RUWK $PHULFD
5 = . WR .
:H FDQ REWDLQ DQ DSSUR[LPDWH &+ EXGJHW IRU IRVVLO IXHO H[WUDFWLRQ LQ WKH UHJLRQ E\ VXEWUDFW
LQJ WKH RSWLPL]HG FRQWULEXWLRQV DVVRFLDWHG ZLWK UXPLQDQWV DQG SRSXODWLRQ IURP WKH WRWDO HPLV

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)LJXUH  &RUUHODWLRQV EHWZHHQ SURSDQH DQG &+ DW 12$$'2( DLUFUDIW REVHUYDWLRQ VLWHV LQ 2NODKRPD
D DQG 7H[DV E RYHU  ²  &RUUHODWLRQV DUH KLJKHU LQ WKHVH ORFDWLRQV WKDQ DQ\ RWKHU 1RUWK $PHU
LFDQ VLWHV LQGLFDWLQJ ODUJH FRQWULEXWLRQV RI IRVVLO IXHO H[WUDFWLRQ DQG SURFHVVLQJ WR &+ HPLWWHG LQ WKLV
UHJLRQ
VLRQV 7KH UHVLGXDO VHH )LJ 6F UHSUHVHQWV VRXUFHV WKDW KDYH VSDWLDO SDWWHUQV QRW FRUUHODWHG ZLWK
HLWKHU KXPDQ RU UXPLQDQW GHQVLW\ LQ ('*$5 2XU EXGJHW VXPV WR  ±  7J& \U− D IDF
WRU RI  ±  ODUJHU WKDQ RLO DQG JDV HPLVVLRQV LQ ('*$5 Y  7J& \U− DQG D IDFWRU RI
 ±  JUHDWHU WKDQ ('*$5 VRXUFHV IURP VROLG ZDVWH IDFLOLWLHV  7J& \U− WKH WZR PDMRU
VRXUFHV WKDW PD\ QRW EH DFFRXQWHG IRU LQ WKH GHWHUPLQLVWLF FRPSRQHQW 7KH SRSXODWLRQ FRPSR
QHQW OLNHO\ FDSWXUHV D SRUWLRQ RI WKH VROLG ZDVWH VRXUFHV VR WKLV UHVLGXDO PHWKDQH EXGJHW PRUH
OLNHO\ UHSUHVHQWV QDWXUDO JDV DQG RLO HPLVVLRQV WKDQ ODQGÀOOV 7KH VXSSOHPHQW GLVFXVVHV LQ GHWDLO
WKH XQFHUWDLQWLHV LQ WKLV VHFWRUEDVHG HPLVVLRQV HVWLPDWH :H FXUUHQWO\ GR QRW KDYH WKH GHWDLOHG
DFFXUDWH DQG VSDWLDOO\ UHVROYHG DFWLYLW\ GDWD IRVVLO IXHO H[WUDFWLRQ DQG SURFHVVLQJ UXPLQDQWV
VROLG ZDVWH WKDW ZRXOG SURYLGH PRUH DFFXUDWH VHFWRULDO DWWULEXWLRQ
.DW]HQVWHLQ HW DO  ZHUH WKH ÀUVW WR UHSRUW ODUJH UHJLRQDO HPLVVLRQV RI &+ IURP 7H[DV
2NODKRPD DQG .DQVDV WKH\ FRYHU DQ HDUOLHU WLPH SHULRG ² WKDQ WKLV VWXG\ 7KH\
XVHG D ER[ PRGHO DQG  QHDUJURXQG &+ PHDVXUHPHQWV WDNHQ RYHU  GD\V WR HVWLPDWH D WR
WDO 7H[DV2NODKRPD.DQVDV &+ EXGJHW IURP DOO VHFWRUV RI  ±  7J& \U− :H UHYLVH WKHLU

HVWLPDWH XSZDUG E\ D IDFWRU RI WZR EDVHG RQ WKH LQYHUVH PRGHO DQG PDQ\ PRUH PHDVXUHPHQWV
IURP GLIIHUHQW SODWIRUPV RYHU WZR IXOO \HDUV RI GDWD 7KH VXSSOHPHQW IXUWKHU FRPSDUHV WKH &+
HVWLPDWH LQ .DW]HQVWHLQ HW DO DQG LQ WKLV VWXG\
 'LVFXVVLRQ DQG VXPPDU\
7KLV VWXG\ FRPELQHV FRPSUHKHQVLYH DWPRVSKHULF GDWD GLYHUVH GDWDVHWV IURP WKH ('*$5 LQYHQ
WRU\ DQG DQ LQYHUVH PRGHOLQJ IUDPHZRUN WR GHULYH VSDWLDOO\UHVROYHG &+ HPLVVLRQV DQG LQ
IRUPDWLRQ RQ NH\ VRXUFH VHFWRUV :H HVWLPDWH D PHDQ DQQXDO 86 DQWKURSRJHQLF &+ EXGJHW IRU
 DQG  RI  ±  7J& \U− RU ∼² RI WKH WRWDO JOREDO &+ VRXUFH 7KLV HVWLPDWH LV D
IDFWRU RI  DQG  ODUJHU WKDQ (3$ DQG ('*$5 Y UHVSHFWLYHO\ &+ HPLVVLRQV IURP 7H[DV
2NODKRPD DQG .DQVDV DORQH DFFRXQW IRU  RI 86 PHWKDQH HPLVVLRQV RU  RI WKH WRWDO 86
JUHHQKRXVH JDV EXGJHW
7KH UHVXOWV LQGLFDWH WKDW GULOOLQJ SURFHVVLQJ DQG UHÀQLQJ DFWLYLWLHV RYHU WKH VRXWKFHQWUDO
8QLWHG 6WDWHV KDYH HPLVVLRQV DV PXFK DV  ±  WLPHV ODUJHU WKDQ ('*$5 DQG OLYHVWRFN RSHU
DWLRQV DFURVV WKH 86 KDYH HPLVVLRQV DSSUR[LPDWHO\ WZLFH WKDW RI UHFHQW LQYHQWRULHV 7KH 86 (3$
UHFHQWO\ GHFUHDVHG LWV &+ HPLVVLRQ IDFWRUV IRU IRVVLO IXHO H[WUDFWLRQ DQG SURFHVVLQJ E\ ²
IRU ² 86 (3$  EXW ZH ÀQG WKDW &+ GDWD IURP DFURVV 1RUWK $PHULFD LQVWHDG
LQGLFDWH WKH QHHG IRU D ODUJHU DGMXVWPHQW RI WKH RSSRVLWH VLJQ

&RPPHQW /LQNLQJ PHWKDQH HPLVVLRQV LQYHQWRULHV ZLWK DWPR
VSKHULF REVHUYDWLRQV
7KH IROORZLQJ FRPPHQW ZDV SXEOLVKHG LQ WKH 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV 0LOOHU
HW DO E ,W LV D UHSO\ WR D OHWWHU WKDW +ULVWRY HW DO  ZURWH LQ UHVSRQVH WR 0LOOHU HW DO 
+ULVWRY HW DO  DUJXH WKDW RXU VWXG\ ´SURYLGHV D FRPSUHKHQVLYH TXDQWLWDWLYH DQDO\VLV RI
DQWKURSRJHQLF PHWKDQH VRXUFHVµ EXW WKDW WKH FRQFOXVLRQ ´WKDW 86 (3$ >86 (QYLURQPHQWDO 3UR
WHFWLRQ $JHQF\@ HVWLPDWHV IRU OLYHVWRFN PHWKDQH HPLVVLRQV DUH JURVVO\ XQGHUHVWLPDWHG DSSHDUV WR
EH XQVXEVWDQWLDWHG E\  >D@ ¶ERWWRPXS· DSSURDFKµ RXWOLQHG LQ WKHLU OHWWHU
,Q WKLV UHSO\ ZH GLVFXVV WKH LQIRUPDWLRQ SURYLGHG E\ DWPRVSKHULF PHWKDQH GDWD DERXW PHWKDQH
HPLVVLRQV DQG FRPPHQW RQ WKH FKDOOHQJH RI FRQQHFWLQJ ´ERWWRPXSµ DQG ´WRSGRZQµ HVWLPDWHV
D FRQFOXVLRQ VKDUHG E\ +ULVWRY HW DO 
2XU VWXG\ 0LOOHU HW DO  XVHG ERWK QHDUVXUIDFH DQG DLUERUQH DWPRVSKHULF PHDVXUHPHQWV
RI &+ FRQFHQWUDWLRQV WR FKDUDFWHUL]H WKH WRWDO PDVV RI PHWKDQH DGGHG WR WKH DWPRVSKHUH E\
VXUIDFH HPLVVLRQV GLVFUHWL]HG LQ VSDFH DQG WLPH :H FRQFOXGH WKDW WRWDO 8QLWHG 6WDWHV PHWKDQH

HPLVVLRQV LQ ² ZHUH  ±  7J&\U  7J&+\U ² DERYH WKH PRVW UHFHQW
86 (3$ EDVHOLQH HVWLPDWH IRU WKRVH \HDUV 86 (3$  )XUWKHUPRUH ZH HVWLPDWH ´WKH PDJQL
WXGH RI HPLVVLRQV ZLWK VSDWLDO SDWWHUQV VLPLODU WR DQLPDO KXVEDQGU\ DQG PDQXUHµ 0LOOHU HW DO
 DW  ±  7J&\U  7J&+\U ² DERYH EDVHOLQH (3$ HVWLPDWHV IRU WKRVH
VHFWRUV EHVW HVWLPDWH  DERYH (3$ 2XU FRQFOXVLRQV DUH JHQHUDOO\ FRQVLVWHQW ZLWK SUHYLRXV
PRUH OLPLWHG WRSGRZQ VWXGLHV H[DPLQLQJ WRWDO 8QLWHG 6WDWHV HJ .RUW HW DO  DQG UHJLRQDO
OLYHVWRFNPDQXUH PHWKDQH HPLVVLRQV HJ -HRQJ HW DO 
+ULVWRY HW DO  DUJXH WKDW ´WKH YDOLGLW\ RI WKLV ¶WRSGRZQ· DSSURDFK FDQ EH YHULÀHG E\ D
UHODWLYHO\ VLPSOH ¶ERWWRPXS· PHWKRG XVLQJ FXUUHQW OLYHVWRFN LQYHQWRULHV DQG HQWHULF RU PDQXUH
PHWKDQH HPLVVLRQ IDFWRUVµ 7KH DXWKRUV EXLOG WKLV HVWLPDWH IRU HQWHULF IHUPHQWDWLRQ E\ PXOWLSO\
LQJ WKH 86 'HSDUWPHQW RI $JULFXWXUH 86'$ OLYHVWRFN LQYHQWRU\ HVWLPDWHV IRU  QRWH WKDW
RXU VWXG\ FRYHUV ² E\ ´DVVXPHGµ IHHG GU\ PDWWHU LQWDNH DQG ´DVVXPHGµ PHWKDQH SUR
GXFWLRQ UDWHV ´:LWK WKH DERYH DVVXPSWLRQVµ +ULVWRY HW DO  HVWLPDWH PHWKDQH HPLVVLRQV
IURP HQWHULF IHUPHQWDWLRQ FRPSDUDEOH WR WKH 86 (3$·V LQYHQWRU\ IRU  6LPLODUO\ WKH DXWKRUV
XVH 86'$ OLYHVWRFN LQYHQWRULHV DQG ,QWHUJRYHUQPHWDO 3DQHO RQ &OLPDWH &KDQJH ,3&& ,QWHU
JRYHUQPHQWDO 3DQHO 2Q &OLPDWH &KDQJH  PDQXUH PHWKDQH HPLVVLRQV IDFWRUV WR HVWLPDWH
8QLWHG 6WDWHV PDQXUH HPLVVLRQV WKDW DUH  ORZHU WKDQ (3$ LQYHQWRU\ QXPEHUV
7KH HVWLPDWHV RI +ULVWRY HW DO  WKHUHIRUH UHTXLUH D VHULHV RI DVVXPSWLRQV IRU ZKLFK HU
URUV FRPSRXQG DV VHYHUDO IDFWRUV DUH PXOWLSOLHG DQG DGGHG )HHG PDWWHU LQWDNH DQG HPLVVLRQ
IDFWRUV ERWK KDYH VXEVWDQWLDO XQFHUWDLQWLHV ,QWHUJRYHUQPHQWDO 3DQHO 2Q &OLPDWH &KDQJH 
DV GR WKH ,3&& PDQXUH PHWKDQH HPLVVLRQ IDFWRUV ,QWHUJRYHUQPHQWDO 3DQHO 2Q &OLPDWH &KDQJH
 *LYHQ WKHVH XQFHUWDLQWLHV ZKLFK DUH LQKHUHQW LQ DOO ERWWRPXS LQYHQWRULHV ZH VWURQJO\
GLVDJUHH WKDW ´WKH YDOLGLW\ RI >RXU@ ¶WRSGRZQ· DSSURDFK FDQ EH YHULÀHGµ XVLQJ WKH +ULVWRY HW DO
 HVWLPDWHV
7KH PHWKRG ZH DSSOLHG LV HVSHFLDOO\ VXLWHG WR TXDQWLI\LQJ ODUJHVFDOH WRWDO HPLVVLRQV DQG XQ

FHUWDLQWLHV LQFUHDVH IRU VHFWRU DQG UHJLRQVSHFLÀF HVWLPDWHV >DV RXWOLQHG DERYH DQG LQ RXU VWXG\
0LOOHU HW DO @ (YHQ LQ OLJKW RI WKHVH XQFHUWDLQWLHV WKH WRWDO HPLVVLRQV ZLWK VSDWLDO SDWWHUQV
FRQVLVWHQW ZLWK DQLPDO KXVEDQGU\ DUH VWLOO OLNHO\ WR EH VXEVWDQWLDOO\ DERYH (3$ HVWLPDWHV &RQ
YHUVHO\ ERWWRPXS LQYHQWRULHV DUH VWURQJHVW DW GHWDLOLQJ LQGLYLGXDO HPLVVLRQ W\SHV EXW XQFHU
WDLQWLHV FRPSRXQG DW ODUJHU VFDOHV VXFK DV WKH QDWLRQDO VFDOH H[DPLQHG KHUH 7KLV GLIIHUHQFH LV
SUHFLVHO\ ZK\ ZH DUJXH WKDW FDUHIXO GHWDLOHG DVVHVVPHQWV DUH QHHGHG WR UHFRQFLOH WKH HPLVVLRQV
FOHDUO\ YLVLEOH IURP DWPRVSKHULF REVHUYDWLRQV ZLWK ERWWRPXS HPLVVLRQV LQYHQWRULHV +ULVWRY
HW DO  DOVR QRWH D ´QHHG IRU D GHWDLOHG LQYHQWRU\  WR PRUH DFFXUDWHO\ HVWLPDWH  HPLV
VLRQVµ 2Q WKLV SRLQW ZH VWURQJO\ DJUHH

2EVHUYDWLRQDO FRQVWUDLQWV RQ WKH GLVWULEXWLRQ VHDVRQDOLW\ DQG
HQYLURQPHQWDO SUHGLFWRUV RI 1RUWK $PHULFDQ ERUHDO PHWKDQH
HPLVVLRQ
7KLV FKDSWHU RULJLQDOO\ DSSHDUHG DV D UHVHDUFK DUWLFOH LQ *OREDO %LRJHRFKHPLFDO &\FOHV )RU WKH RULJLQDO
DUWLFOH UHIHU WR 0LOOHU HW DO F
:HWODQGV FRPSULVH WKH VLQJOH ODUJHVW JOREDO VRXUFH RI DWPRVSKHULF PHWKDQH EXW FXUUHQW ÁX[ HV
WLPDWHV GLVDJUHH LQ ERWK PDJQLWXGH DQG GLVWULEXWLRQ DW WKH FRQWLQHQWDO VFDOH 7KLV VWXG\ XVHV
DWPRVSKHULF PHWKDQH REVHUYDWLRQV RYHU 1RUWK $PHULFD IURP ² DQG D JHRVWDWLVWLFDO LQ
YHUVLRQ WR LPSURYH XQGHUVWDQGLQJ RI &DQDGLDQ PHWKDQH ÁX[HV DQG DVVRFLDWHG ELRJHRFKHPLFDO
PRGHOV 7KH UHVXOWV EULGJH DQ H[LVWLQJ JDS EHWZHHQ WUDGLWLRQDO WRSGRZQ LQYHUVLRQ VWXGLHV
ZKLFK W\SLFDOO\ HPSKDVL]H WRWDO HPLVVLRQ EXGJHWV DQG ELRJHRFKHPLFDO PRGHOV ZKLFK XVXDOO\
HPSKDVL]H HQYLURQPHQWDO SURFHVVHV 7KH FRQFOXVLRQV RI WKLV VWXG\ DUH WKUHHIROG )LUVW WKH PRVW
FRPSOHWH SURFHVVEDVHG PHWKDQH PRGHOV GR QRW DOZD\V GHVFULEH DYDLODEOH DWPRVSKHULF PHWKDQH

REVHUYDWLRQV EHWWHU WKDQ VLPSOH PRGHOV ,Q WKLV VWXG\ D UHODWLYHO\ VLPSOH PRGHO RI ZHWODQG GLV
WULEXWLRQ VRLO PRLVWXUH DQG VRLO WHPSHUDWXUH RXWSHUIRUPHG PRUH FRPSOH[ PRGHO IRUPXODWLRQV
6HFRQG ZH ÀQG WKDW ZHWODQG PHWKDQH ÁX[HV KDYH D EURDGHU VSDWLDO GLVWULEXWLRQ DFURVV ZHVWHUQ
&DQDGD DQG LQWR WKH QRUWKHUQ 86 WKDQ UHSUHVHQWHG LQ H[LVWLQJ ÁX[ PRGHOV )LQDOO\ ZH FDOFXODWH
WRWDO PHWKDQH EXGJHWV IRU &DQDGD DQG IRU WKH +XGVRQ %D\ /RZODQGV D ODUJH ZHWODQG UHJLRQ
²◦1 ²◦: 2YHU WKHVH ORZODQGV ZH ÀQG WRWDO PHWKDQH ÁX[HV RI  ±  7J& \U−
D QXPEHU LQ WKH PLGUDQJH RI SUHYLRXV HVWLPDWHV 2XU WRWDO &DQDGLDQ PHWKDQH EXGJHW RI 
±  7J& \U− LV ODUJHU WKDQ H[LVWLQJ LQYHQWRULHV SULPDULO\ GXH WR KLJK DQWKURSRJHQLF HPLV
VLRQV LQ $OEHUWD +RZHYHU PHWKDQH REVHUYDWLRQV DUH VSDUVH LQ ZHVWHUQ &DQDGD DQG DGGLWLRQDO
PHDVXUHPHQWV RYHU $OEHUWD ZLOO FRQVWUDLQ DQWKURSRJHQLF VRXUFHV LQ WKDW SURYLQFH ZLWK JUHDWHU
FRQÀGHQFH
 ,QWURGXFWLRQ
$WPRVSKHULF PHWKDQH &+ LV WKH VHFRQGPRVW LPSRUWDQW ORQJOLYHG JUHHQKRXVH JDV DQG VLQFH
WKH SUHLQGXVWULDO HUD LWV UDGLDWLYH IRUFLQJ KDV LQFUHDVHG WR  : P− DSSUR[LPDWHO\ RQH
WKLUG WKDW RI &2 %XWOHU  7KHUHIRUH JUHHQKRXVH JDV UHGXFWLRQ VWUDWHJLHV DQG IXWXUH FOL
PDWH SUHGLFWLRQV ZLOO UHTXLUH DFFXUDWH HVWLPDWHV RI PHWKDQH HPLVVLRQV 7RWDO JOREDO HPLVVLRQV
DUH FRQVWUDLQHG WR DSSUR[LPDWHO\ ±% XVLQJ REVHUYDWLRQV RI WKH JOREDO &+ EXUGHQ DQG UDWH RI
LQFUHDVH FRPELQHG ZLWK DQ HVWLPDWH RI WKH &+ DWPRVSKHULF OLIHWLPH HJ .LUVFKNH HW DO 
+RZHYHU XQFHUWDLQWLHV LQ HPLVVLRQV IURP LQGLYLGXDO VRXUFH W\SHV FDQ EH JUHDWHU WKDQ D IDFWRU RI
WZR 2·&RQQRU HW DO  'OXJRNHQFN\ HW DO  0HOWRQ HW DO D )RU H[DPSOH ZHWODQGV
OLNHO\ FRQVWLWXWH WKH ODUJHVW VLQJOH VRXUFH RI DWPRVSKHULF PHWKDQH EXW HVWLPDWHV RI JOREDO ÁX[HV
YDU\ IURP  WR  7J& \U−  WR  7J&+ \U− PHDQLQJ WKH\ FRPSULVH DQ\ZKHUH IURP 
WR  RI WKH WRWDO EXGJHW HJ 2·&RQQRU HW DO  0HOWRQ HW DO D %ULGJKDP HW DO 

.LUVFKNH HW DO  &LDLV HW DO  DQG UHIHUHQFHV WKHUHLQ $QWKURSRJHQLF VRXUFHV HJ IRVVLO
IXHO H[WUDFWLRQ DQG SURFHVVLQJ UXPLQDQWV ODQGÀOOV E\ FRPSDULVLRQ OLNHO\ DFFRXQW IRU  ² 
RI WRWDO JOREDO HPLVVLRQV &LDLV HW DO  .LUVFKNH HW DO  8QFHUWDLQWLHV LQ PHWKDQH ÁX[HV
DUH ODUJHU DW WKH UHJLRQDO VFDOH HVWLPDWHV RI PHWKDQH IURP WKH +XGVRQ %D\ /RZODQGV +%/ D
ODUJH ERUHDO ZHWODQG UHJLRQ LQ &DQDGD UDQJH IURP  ²  7J& \U− 5RXOHW HW DO  :RU
WK\ HW DO  3LFNHWW+HDSV HW DO  0HOWRQ HW DO D
7KH SUHVHQW VWXG\ IRFXVHV RQ LPSURYLQJ PHWKDQH ÁX[ HVWLPDWHV IURP ERUHDO ZHWODQGV 7KHVH
UHJLRQV DUH D SDUWLFXODU FRQFHUQ EHFDXVH RI WKHLU ODUJH VRLO FDUERQ VWRFNV 0HWKDQH ÁX[HV LQ ZHW
ODQGV RFFXU SULPDULO\ LQ ZDWHUORJJHG DQDHURELF VRLO FRQGLWLRQV GXH WR WKH GHFRPSRVLWLRQ RI
RUJDQLF PDWHULDO E\ PHWKDQRJHQLF $UFKDHD %RUHDO DQG DUFWLF UHJLRQV DUH IDU OHVV SURGXFWLYH
WKDQ PDQ\ RWKHU HFRV\VWHPV EXW QRQHWKHOHVV SOD\ D YLWDO UROH LQ WKH JOREDO FDUERQ F\FOH 7KHVH
QRUWKHUO\ UHJLRQV PD\ FRQWDLQ KDOI RI DOO ZHWODQGV DQG VRLO FDUERQ LQ WKH ZRUOG ∼ 3J&
WZLFH WKH DPRXQW RI FDUERQ FXUUHQWO\ KHOG ZLWKLQ WKH DWPRVSKHUH 7DUQRFDL HW DO 
(YLGHQFH VXJJHVWV WKDW KLJKODWLWXGH ZHWODQGV DUH DOUHDG\ FKDQJLQJ GXH WR DQ HYROYLQJ FOL
PDWH DQG WKDW HFRV\VWHP FKDQJHV PD\ DFFHOHUDWH 7DUQRFDL  $YLV HW DO  6FKXXU HW DO
 )RU H[DPSOH PRVW VWXGLHV SUHGLFW WKDW FOLPDWH FKDQJH ZLOO LQFUHDVH PHWKDQH ÁX[HV IURP
ERUHDO DQG DUFWLF UHJLRQV HVWLPDWHV UDQJH IURP  WR  LQFUHDVH LQ PHWKDQH ÁX[HV SHU ◦&
RI JOREDO WHPSHUDWXUH LQFUHDVH HJ *HGQH\ HW DO  .KYRURVW\DQRY HW DO  2·&RQQRU
HW DO  .RYHQ HW DO  =KX HW DO 
7KUHH IDFWRUV PD\ H[SODLQ WKH ODUJH GLIIHUHQFHV DPRQJ PRGHO HVWLPDWHV RI ERUHDO PHWKDQH
ÁX[HV )LUVW PRGHOV GLIIHU LQ WKHLU XQGHUO\LQJ HQYLURQPHQWDO YDULDEOHV )RU H[DPSOH H[LVWLQJ
PRGHOV RI JOREDO ZHWODQG DUHD UDQJH IURP  WR  × NP 3HWUHVFX HW DO  DQG KDYH GLI
IHULQJ VSDWLDO GLVWULEXWLRQV HVSHFLDOO\ RYHU ERUHDO 1RUWK $PHULFD 0HOWRQ HW DO D 6HFRQG
PRGHOV IXUWKHU GLIIHU LQ IXQFWLRQDO IRUP VHH VHFWLRQ  GXH LQ SDUW WR XQFHUWDLQWLHV DQGRU
FRPSOH[LW\ LQ ELRSK\VLFDO PHWKDQH SURFHVVHV )RU H[DPSOH PDQ\ PRGHOV UHODWH PDSV RI VRLO

WHPSHUDWXUH WR ZHWODQG PHWKDQH ÁX[HV XVLQJ D FRHIÀFLHQW NQRZQ DV 4 7KLV FRHIÀFLHQW GH
VFULEHV WKH IDFWRU E\ ZKLFK D UHDFWLRQ UDWH LQFUHDVHV SHU ◦& ULVH LQ WHPSHUDWXUH (VWLPDWHV RI
WKLV FRHIÀFLHQW UDQJH IURP  WR  ODUJHO\ GXH WR PLFURELDO DQG VRLO KHWHURJHQHLW\ YDQ +XO]HQ
HW DO  :KDOHQ  2·&RQQRU HW DO  /XSDVFX HW DO  )LQDOO\ GLIIHUHQFHV DPRQJ
H[LVWLQJ ÁX[ PRGHOV DOVR VWHP IURP GLIÀFXOWLHV H[WUDSRODWLQJ IURP SORWOHYHO WR UHJLRQDO VFDOH
0RVW ÁX[ PRGHOV FDOLEUDWH WR LQGLYLGXDO ZHWODQG VLWHV DQG H[WUDSRODWH WR UHJLRQDO RU JOREDO VFDOHV
2·&RQQRU HW DO  =KDQJ HW DO  +RZHYHU VPDOO VFDOH VWXG\ VLWHV H[KLELW VXEVWDQWLDO
KHWHURJHQHLW\ DQG ÁX[HV FDQ YDU\ E\ DQ RUGHU RI PDJQLWXGH RYHU PLFURWRSRJUDSK\ RQ WKH FHQ
WLPHWHU VFDOH :DGGLQJWRQ 	 5RXOHW  &RPDV HW DO  +HQGULNV HW DO 
7RSGRZQ DSSURDFKHV OLNH LQYHUVH PRGHOOLQJ SURYLGH RQH PHDQV RI UHGXFLQJ WKH ZLGH XQ
FHUWDLQW\ LQ ZHWODQG PHWKDQH ÁX[HV 7RSGRZQ VWXGLHV XVH DWPRVSKHULF PHWKDQH PHDVXUH
PHQWV DQG PHWHRURORJLFDO PRGHOV WR LPSURYH H[LVWLQJ ÁX[ HVWLPDWHV DW UHJLRQDO =KDR HW DO
 %HUJDPDVFKL HW DO  9LOODQL HW DO  .LP HW DO  DQG JOREDO &KHQ 	 3ULQQ
 %HUJDPDVFKL HW DO  )UDVHU HW DO  VFDOHV 0RVW H[LVWLQJ PHWKRGV HPSKDVL]H WRWDO
HPLVVLRQV EXGJHWV DQG SURYLGH UHODWLYHO\ OLWWOH LQIRUPDWLRQ RQ ZHWODQG SURFHVVHV EXW WZR UHFHQW
SXEOLFDWLRQV EHJLQ WR EULGJH WKLV JDS 6SDKQL HW DO  FRQGXFW D JOREDO VFDOH LQYHUVLRQ WKDW
HVWLPDWHV ÁX[HV E\ ZHWODQG W\SH 3LFNHWW+HDSV HW DO  XVH DWPRVSKHULF PHWKDQH PHDVXUH
PHQWV IURP QRUWKHUQ 2QWDULR WR DVVHVV WKH PDJQLWXGH DQG VHDVRQDO VWUXFWXUH RI D ZHWODQG ÁX[
PRGHO RYHU WKH +%/ 5HVXOWV LPSO\ D SUHPDWXUH VHDVRQDO RQVHW RI ÁX[HV LQ WKLV PRGHO UHIHUUHG
WR DV WKH ´.DSODQ PRGHOµ 7KH DXWKRUV VXJJHVW UHPRYLQJ ÁX[HV IURP VQRZFRYHUHG UHJLRQV DV
RQH SRVVLEOH VROXWLRQ ,Q VSLWH RI WKHVH UHFHQW VWXGLHV H[LVWLQJ WRSGRZQ DSSURDFKHV SURYLGH
OLPLWHG DVVHVVPHQW RI WKH XQGHUO\LQJ HQYLURQPHQWDO YDULDEOHV RU WKH IXQFWLRQDO IRUP RI H[LVWLQJ
ZHWODQG ÁX[ PRGHOV
7KH SUHVHQW VWXG\ PRYHV FORVHU WR LQWHJUDWLQJ WRSGRZQ ÁX[ HVWLPDWHV ZLWK SURFHVVEDVHG
ERWWRPXS PRGHOLQJ PHWKRGV )LUVW ZH H[SORUH KRZ DWPRVSKHULF PHWKDQH PHDVXUHPHQWV FDQ

EH XVHG WR FRQVWUXFW DQG DVVHVV ELRJHRFKHPLFDO SURFHVV PRGHOV DW FRQWLQHQWDO VFDOH 6HFRQG ZH
XVH D EURDG QHWZRUN RI PHDVXUHPHQW VLWHV LQ &DQDGD DQG WKH 86 WR XQGHUVWDQG WKH VSDWLDO DQG
VHDVRQDO GLVWULEXWLRQ RI 1RUWK $PHULFDQ ERUHDO ZHWODQG ÁX[HV 7R DFKLHYH WKHVH JRDOV ZH FRP
ELQH LQ VLWX PHWKDQH PHDVXUHPHQWV DFURVV &DQDGD DQG WKH 8QLWHG 6WDWHV IURP  DQG  D
UHJLRQDO DWPRVSKHULF WUDQVSRUW PRGHO DQG D JHRVWDWLVWLFDO LQYHUVH PRGHOLQJ IUDPHZRUN
 0RGHO DQG PHDVXUHPHQWV
7KH PHWKRGV VHFWLRQV DQG VXEVHTXHQW GLVFXVVLRQ DUH RUJDQL]HG DV IROORZV )LUVW ZH GHVFULEH
WKH DWPRVSKHULF PRGHO DQG PHDVXUHPHQWV VHFWLRQV   DQG  8VLQJ WKLV PRGHO ZH
FRPSDUH WZR H[LVWLQJ ZHWODQG ÁX[ HVWLPDWHV .DSODQ DQG '/(0 DJDLQVW DWPRVSKHULF PHWKDQH
REVHUYDWLRQV %RWK ÁX[ HVWLPDWHV DUH GHVFULEHG LQ GHWDLO EHORZ VHFWLRQV  :H VXEVHTXHQWO\
XVH D JHRVWDWLVWLFDO LQYHUVH PRGHOLQJ IUDPHZRUN WR HVWLPDWH 1RUWK $PHULFDQ ERUHDO PHWKDQH
ÁX[HV VHFWLRQ  7KLV ÁX[ HVWLPDWH KDV WZR FRPSRQHQWV 7KH ÀUVW FRPSRQHQW WHUPHG WKH
GHWHUPLQLVWLF PRGHO LV D FRPELQDWLRQ RI HQYLURQPHQWDO SUHGLFWRUV HJ VRLO PRLVWXUH WHPSHU
DWXUH HWF WKDW EHVW UHSUHVHQWV WKH PHWKDQH ÁX[HV DV VHHQ WKURXJK WKH DWPRVSKHULF PHWKDQH
REVHUYDWLRQV VHFWLRQ  7KH VHFRQG FRPSRQHQW WHUPHG WKH VWRFKDVWLF FRPSRQHQW HVWLPDWHV
WKH VSDWLDO DQGRU WHPSRUDO ÁX[ SDWWHUQV WKDW PD\ EH ODFNLQJ LQ WKH HQYLURQPHQWDO SUHGLFWRUV
DQG WKHUHIRUH FDQQRW EH PRGHOHG XVLQJ WKH GHWHUPLQLVWLF PRGHO 7KH JHRVWDWLVWLFDO LQYHUVH PRGHO
SURGXFHV D ÀQDO EHVW HVWLPDWH WHUPHG WKH SRVWHULRU ÁX[HV DQG LW LV WKH VXP RI WKH GHWHUPLQLVWLF
DQG VWRFKDVWLF FRPSRQHQWV
 7KH UHJLRQDO DWPRVSKHULF PRGHO
:H VLPXODWH LQ VLWX PHWKDQH PL[LQJ UDWLRV XVLQJ 67,/7 WKH 6WRFKDVWLF 7LPH,QYHUWHG /DJUDQJLDQ
7UDQVSRUW PRGHO /LQ HW DO  67,/7 LV D SDUWLFOH PRGHO DQ HQVHPEOH RI DLUIROORZLQJ SDUWL

FOHV LV UHOHDVHG IURP HDFK PHWKDQH REVHUYDWLRQ VLWH ,Q WKLV VWXG\ D QHZ SDUWLFOH HQVHPEOH LV
LQLWLDWHG IRU HDFK RI WKH KRXUO\ PHWKDQH PHDVXUHPHQWV 7KHVH SDUWLFOHV WUDYHO EDFNZDUG LQ WLPH
DORQJ WKH ZLQG ÀHOGV RI D PHWHRURORJ\ PRGHO LQ WKLV FDVH IRU  GD\V 67,/7 IXUWKHU LQFOXGHV
VWRFKDVWLF PRWLRQV WKDW VLPXODWH ERXQGDU\ OD\HU WXUEXOHQFH
:LQG ÀHOGV IURP WKH :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ PRGHO :5) YHUVLRQ  DUH XVHG WR
GULYH 67,/7 WUDMHFWRULHV LQ WKLV VWXG\ 1HKUNRUQ HW DO  +HJDUW\ HW DO  DQG WKH VXS
SOHPHQW GHVFULEH WKLV PHWHRURORJ\ LQ JUHDWHU GHWDLO 7KH :5) ÀHOGV XVHG KHUH KDYH D QHVWHG UHV
ROXWLRQ NP ZLWKLQ  KRXUV RI WKH REVHUYDWLRQ VLWHV DQG NP LQ PRUH GLVWDQW UHJLRQV VHH
VXSSOHPHQW
67,/7 VXEVHTXHQWO\ XVHV WKH WUDMHFWRULHV WR FDOFXODWH D IRRWSULQW PDS 7KH IRRWSULQWV UHODWH WKH
VXUIDFH ÁX[HV LQ 1RUWK $PHULFD WR WKH FRQFHQWUDWLRQ LQFUHPHQW VHHQ DW WKH PHDVXUHPHQW ORFDWLRQ
DQG KDYH XQLWV RI PL[LQJ UDWLR SHU XQLW VXUIDFH ÁX[ 7KLV IRRWSULQW LV EDVHG RQ WKH QXPEHU RI
SDUWLFOHV LQ D UHJLRQ DQG WKHLU DOWLWXGHV UHODWLYH WR WKH SODQHWDU\ ERXQGDU\ OD\HU
7KH 67,/7 VHWXS KHUH LQFRUSRUDWHV ÁX[HV IURP H[LVWLQJ LQYHQWRULHV RQ D 
◦ E\ 
◦ ORQJLWXGH²
ODWLWXGH JULG  WR ◦1 DQG  WR ◦:
 0RGHO ERXQGDU\ FRQGLWLRQ
67,/7 RQO\ PRGHOV HPLVVLRQV RYHU WKH 1RUWK $PHULFDQ FRQWLQHQW 7KH PRGHO WKHUHIRUH UHTXLUHV
D ERXQGDU\ FRQGLWLRQ WR UHSUHVHQW WKH FRQFHQWUDWLRQ RI PHWKDQH LQ LQFRPLQJ DLU RYHU WKH 3DFLÀF
DQG $UFWLF RFHDQV EHIRUH UHDFKLQJ 1RUWK $PHULFDQ VRXUFHV 7KLV VWXG\ XVHV DQ HPSLULFDO ERXQG
DU\ FXUWDLQ WKDW LQWHUSRODWHV D YDULHW\ RI WUDFH JDV PHDVXUHPHQWV IURP JURXQGEDVHG VLWHV DQG
DLUFUDIW LQ WKH 12$$ (65/ *OREDO 0RQLWRULQJ 'LYLVLRQ·V &RRSHUDWLYH *OREDO $LU 6DPSOLQJ 1HW
ZRUN 7KH UHVXOWLQJ ERXQGDU\ FXUWDLQ YDULHV ODWLWXGLQDOO\ DQG YHUWLFDOO\ DQG KDV D GDLO\ WHPSR
UDO UHVROXWLRQ VHH WKH VXSSOHPHQW 7KH HVWLPDWHG ERXQGDU\ FRQGLWLRQ YDOXH DVVRFLDWHG ZLWK
HDFK 67,/7 SDUWLFOH UXQ GHSHQGV RQ WKH HQGLQJ ODWLWXGH DOWLWXGH DQG GD\ RI HDFK SDUWLFOH 7KLV

ERXQGDU\ YDOXH LV WKHQ DGGHG WR WKH PRGHOHG PHWKDQH VLJQDO IURP 1RUWK $PHULFDQ VRXUFHV
7KH VXP FDQ EH GLUHFWO\ FRPSDUHG DJDLQVW PHDVXUHG PHWKDQH PL[LQJ UDWLRV DW WRZHU VLWHV DFURVV
&DQDGD DQG WKH QRUWKHUQ 86 HJ VHFWLRQ 
 0HDVXUHPHQWV
7KLV VWXG\ XVHV REVHUYHG PHWKDQH PL[LQJ UDWLRV IRU  WR  IURP ÀYH REVHUYDWLRQ VLWHV
VHQVLWLYH WR ERUHDO ZHWODQG ÁX[HV KRXUO\ PHDVXUHPHQWV IURP  &DQDGLDQ REVHUYDWLRQ WRZHUV
DQG GDLO\ ÁDVN PHDVXUHPHQWV IURP RQH 86 WDOO WRZHU 6LWHV IURP HDVW WR ZHVW LQFOXGH &KL
ERXJDPDX 4XHEHF &+0 ◦1 ◦:  P DERYH JURXQG OHYHO )UDVHUGDOH 2QWDULR )6'
◦1 ◦:  P DJO 3DUN )DOOV :LVFRQVLQ /() ◦1 ◦:  P DJO (DVW 7URXW /DNH
6DVNDWFKHZDQ (7/ ◦1 ◦:  P DJO DQG &DQGOH /DNH 6DVNDWFKHZDQ &'/ ◦1
◦:  P DJO  RQO\ )LJ 
6PDOO VFDOH KHWHURJHQHLWLHV FDXVHG E\ WXUEXOHQW HGGLHV DQG LQFRPSOHWH PL[LQJ PDNH LW GLIÀ
FXOW WR PRGHO KRXUO\VFDOH YDULDELOLW\ LQ WKH LQ VLWX GDWD 67,/7 DOVR KDV GLIÀFXOW\ HVWLPDWLQJ WKH
YHU\ VKDOORZ QLJKWWLPH ERXQGDU\ OD\HU DQG WKHUHIRUH UDUHO\ FDSWXUHV YDULDWLRQV LQ QLJKWWLPH FRQ
FHQWUDWLRQV +HQFH WKLV VWXG\ XVHV DIWHUQRRQ DYHUDJHV RI WKH PHWKDQH GDWD DQG PRGHO RXWSXW
SP  SP ORFDO WLPH D WRWDO RI  REVHUYDWLRQV DIWHU DYHUDJLQJ
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)LJXUH  6XPPHU PHDQ ZHWODQG ÁX[HV IURP WKH .DSODQ DQG '/(0 ZHWODQG PHWKDQH PRGHOV IRU -XO\
$XJXVW DQG 6HSWHPEHU DYHUDJHG RYHU  %RWK PRGHOV HVWLPDWH VLPLODU DQQXDO WRWDOV IRU WKH
+%/ EXW '/(0 KDV D PRUH SURQRXQFHG VXPPHU SHDN

 ([LVWLQJ ÁX[ PRGHOV
7KH .DSODQ PRGHO
7KH ÀUVW LQYHQWRU\ XVHG LQ WKLV VWXG\ LV WKH .DSODQ PRGHO GHVFULEHG LQ .DSODQ  DQG 3LFNHWW
+HDSV HW DO  )LJ  7KH PRGHO KDV WKH IROORZLQJ IXQFWLRQDO IRUP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ZKHUH ( LV WKH ZHWODQG ÁX[ H[SUHVVHG KHUH LQ XQLWV RI ܟPRO P− V− & DQG & UHSUHVHQW WKH
PROHV RI FDUERQ SHU XQLW DUHD LQ VRLO DQG OLWWHU QRUPDOL]HG E\ WKHLU UHVSHFWLYH OLIHWLPHV և DQG
և 7KLV VRLO FDUERQ HVWLPDWH LV WDNHQ IURP WKH /XQG3RWVGDP-HQD /3- G\QDPLF JOREDO YHJH
WDWLRQ PRGHO 6LWFK HW DO  : LV WKH PD[LPXP SRVVLEOH H[WHQW RI ZHWODQGV LQ D JLYHQ JULG
ER[ D IUDFWLRQ IURP /3- DQG չ LV D PHDVXUH RI ZKHWKHU ZHWODQGV DUH DFWXDOO\ SUHVHQW չ =  LI
VRLO PRLVWXUH 0 < % DQG չ =  RWKHUZLVH $Q HPLVVLRQV IDFWRU E UHSUHVHQWV WKH IUDFWLRQ RI
PHWKDQH SHU PRO FDUERQ UHVSLUHG E =  × − I(7) UHSUHVHQWV DQ $UUKHQLXV HTXDWLRQ RI WHP
SHUDWXUH LQ .HOYLQ ,Q WKLV HTXDWLRQ ) DGMXVWV WKH LQYHQWRU\ EDVHG RQ VRLO WHPSHUDWXUH WR EHW
WHU PDWFK GLIIHUHQFHV EHWZHHQ ERUHDO % DQG WURSLFDO 7 ZHWODQGV UHIHU WR 3LFNHWW+HDSV HW DO
 :H EXLOG WKLV LQYHQWRU\ ZLWK VRLO PRLVWXUH IRU չ DQG VRLO WHPSHUDWXUH 7 IURP :5) WKH
VDPH PHWHRURORJ\ XVHG WR GULYH 67,/7 DW D VRLO GHSWK RI FP 7KLV VRLO GHSWK SURYLGHG WKH EHVW
PDWFK EHWZHHQ WKH .DSODQ PRGHO DQG DWPRVSKHULF PHWKDQH REVHUYDWLRQV 7KLV VHWXS GLIIHUV
IURP 3LFNHWW+HDSV HW DO  ZKR XVHG VXUIDFH VNLQ WHPSHUDWXUH LQVWHDG RI VRLO WHPSHUDWXUH
EHORZ WKH JURXQG VXUIDFH
7KH /3- PRGHO RXWSXWV XVHG KHUH IRU ZHWODQG FRYHUDJH DQG VRLO FDUERQ DUH XSGDWHG IURP SUH

YLRXV VWXGLHV WKDW DOVR XVHG WKH /3-.DSODQ PRGHO HJ %HUJDPDVFKL HW DO  3LFNHWW+HDSV
HW DO  $PRQJ RWKHU XSGDWHV VRLO FDUERQ LV DSSUR[LPDWHO\ D IDFWRU RI IRXU ORZHU WKDQ LQ WKH
SUHYLRXV VWXGLHV OLVWHG DERYH 7KLV DGMXVWPHQW PDWFKHV WKH /3- PRGHO DJDLQVW XSODQG VRLO SUR
ÀOHV EXW WKH FKDQJH DSSHDUV LQFRQVLVWHQW ZLWK PHWKDQH REVHUYDWLRQV RYHU ERUHDO ZHWODQGV HJ
3LFNHWW+HDSV HW DO  :H UHDGMXVW WKH /3- VRLO FDUERQ HVWLPDWH XSZDUG E\ D IDFWRU RI 
WR PDWFK WKH /3-.DSODQ PRGHO LQ 3LFNHWW+HDSV HW DO  7KLV SUHYLRXV VWXG\ FRPSDUHV WKH
.DSODQ PRGHO DJDLQVW PHDVXUHPHQWV IURP )UDVHUGDOH )6' 2QWDULR DQG OLNHO\ EHWWHU UHSUHVHQWV
KLJK ODWLWXGH VRLO FDUERQ WKDQ WKH QHZ /3- HVWLPDWH
7KH '/(0 PRGHO
'/(0 WKH '\QDPLF /DQG (FRV\VWHP 0RGHO LQFOXGHV PRUH FRPSOH[LW\ WKDQ WKH .DSODQ PRGHO
GHVFULEHG DERYH 7LDQ HW DO   )LJ  ,W PRGHOV WKH SURGXFWLRQ RI PHWKDQH LQ VRLO
SRUH ZDWHU 3 H[SUHVVHG KHUH LQ ܟPRO P− V− DQG RQO\ D IUDFWLRQ RI PHWKDQH SURGXFHG LV UH
OHDVHG WR WKH DWPRVSKHUH ( 7KLV IUDFWLRQ GHSHQGV RQ D PXOWLWXGH RI IDFWRUV WKDW DUH GLVFXVVHG
LQ GHSWK E\ 7LDQ HW DO  SODQWPHGLDWHG WUDQVSRUW GLIIXVLYH ÁX[ HEXOOLWLRQ R[LGDWLRQ E\
PHWKDQRWURSK\ DQG R[LGDWLRQ GXULQJ SODQWPHGLDWHG WUDQVSRUW
0HWKDQH SURGXFWLRQ LQ VRLO SRUH ZDWHU 3 LV VLPSOHU WR GHVFULEH
3 = 3PD[ × ['2&]
['2&] + N
× I(7)× I(S+)× I(0) 
ZKHUH 3PD[ LV WKH PD[LPXP SRVVLEOH UDWH RI &+ SURGXFWLRQ LQ VRLOV D VSDWLDOO\ YDULDEOH SDUDP
HWHU VHH 7LDQ HW DO  >'2&@ LV GLVVROYHG RUJDQLF FRQWHQW GHWHUPLQHG E\ JURVV SULPDU\ SUR
GXFWLYLW\ OLWWHU IDOO DQG VRLO RUJDQLF PDWWHU GHFRPSRVLWLRQ UDWHV 7LDQ HW DO  N LV WKH KDOI
VDWXUDWLRQ FRHIÀFLHQW I(7) LV WKH HIIHFW RI VRLO WHPSHUDWXUH I(S+) LV WKH HIIHFW RI VRLO S+ DQG I(0)
LV WKH HIIHFW RI VRLO ZDWHU FRQWHQW 7KH IXQFWLRQV RI WHPSHUDWXUH S+ DQG VRLO PRLVWXUH KDYH WKH

IROORZLQJ IRUPV 7LDQ HW DO 
I(7) =
⎡⎢⎢⎢⎢⎣
 7 < .
.(7−.)/ . > 7 ≥ .
 7 ≥ .
⎤⎥⎥⎥⎥⎦ 
I(S+) =
⎡⎢⎢⎢⎢⎢⎣
 S+ < . RU S+ ≥ .
.
+H×H[S [−.S+] . < S+ < .
.
+H×H[S [−.(.−S+)] . < S+ < .
⎤⎥⎥⎥⎥⎥⎦ 
I(0) =
⎡⎢⎢⎢⎢⎣
 0 ≤0IF
.
(
0−0IF
0V−0IF
)
H[S
[
0−0IF
0V−0IF
]
0IF < 0 < 0V
 0 ≥0V
⎤⎥⎥⎥⎥⎦ 
ZKHUH0IF LV WKH ÀHOG FDSDFLW\ DQG0V LV WKH VDWXUDWHG ZDWHU FRQWHQW RI VRLO 7LDQ HW DO 
SURYLGH D JUDSKLFDO GHSLFWLRQ RI WKHVH IXQFWLRQDO GHSHQGHQFHV
7KH HQYLURQPHQWDO GDWD IRU '/(0 DUH GHULYHG IURP D QXPEHU RI VRXUFHV PHWHRURORJLFDO GDWD
IURP 1RUWK $PHULFDQ 5HJLRQDO 5HDQDO\VLV 1$55 0HVLQJHU HW DO  DQG ODQG FRYHUYHJHWDWLRQ
GDWD IURP D FRPELQDWLRQ RI VRXUFHV VHH 7LDQ HW DO  IRU PRUH GHWDLO
 6WDWLVWLFDO IUDPHZRUN
 &RQFHSWXDO RYHUYLHZ
:H LPSOHPHQW D JHRVWDWLVWLFDO LQYHUVH PRGHO WR LQIHU LQIRUPDWLRQ DERXW PHWKDQH ÁX[HV DQG WR
DVVHVV WKH HQYLURQPHQWDO GULYHUV LQ H[LVWLQJ ZHWODQG PRGHOV 7KH VWDWLVWLFDO DSSURDFK IROORZV
WKDW RI .LWDQLGLV 	 9RPYRULV  0LFKDODN HW DO  DQG *RXUGML HW DO  7KH LQYHU
VLRQ HVWLPDWHV WKH VSDWLDO DQG WHPSRUDO GLVWULEXWLRQ RI HPLVVLRQV WKDW LV PRVW OLNHO\ JLYHQ WKH

DWPRVSKHULF PHWKDQH PHDVXUHPHQWV DQG WKH WUDQVSRUW LQIRUPDWLRQ SURYLGHG E\ WKH DWPRVSKHULF
PRGHO
7KH LQYHUVLRQ ÀUVW UHTXLUHV D OLQHDU H[SUHVVLRQ IRU WKH PRGHOPHDVXUHPHQW IUDPHZRUN
] = +V+ ε 
ZKHUH V P× DUH WKH WUXH XQNQRZQ ÁX[HV 8QOLNH WKH ZHWODQGVSHFLÀF ÁX[HV HVWLPDWHG E\ .D
SODQ DQG '/(0 ( V HQFRPSDVVHV ÁX[HV IURP DOO VRXUFH W\SHV ] LV WKH Q ×  YHFWRU RI REVHUYHG
PL[LQJ UDWLRV PLQXV WKH HVWLPDWHG ERXQGDU\ FRQGLWLRQ YDOXH VHH VHFWLRQ  + Q×P DUH WKH
IRRWSULQWV FRPSXWHG E\ 67,/7 VHFWLRQ  )LQDOO\ ε Q ×  GHVFULEHV PRGHOGDWD PLVPDWFK
³ DOO HUURUV XQUHODWHG WR DQ LPSHUIHFW HPLVVLRQV HVWLPDWH HJ WUDQVSRUW HUURU DJJUHJDWLRQ HUURU
HWF 7KLV YHFWRU LV DVVXPHG WR IROORZ D PXOWLYDULDWH QRUPDO GLVWULEXWLRQ ZLWK D PHDQ RI ]HUR
ε = N (,5) 
ZKHUH 5 Q× Q LV WKH FRYDULDQFH PDWUL[ RI WKHVH HUURUV
8VLQJ WKH DERYH IUDPHZRUN WKH LQYHUVLRQ WKHQ PRGHOV WKH XQNQRZQ ÁX[HV V (T  XVLQJ
WKH IROORZLQJ VWUXFWXUH
V = ;շ+N (,4) 
7KH ÀUVW FRPSRQHQW RI WKH VWDWLVWLFDO PRGHO ;շ LV D ZHLJKWHG OHDVW VTXDUHV UHJUHVVLRQ DQG LV
WHUPHG WKH ¶GHWHUPLQLVWLF PRGHO· RU ¶LQYHUVLRQ SULRU· VHFWLRQ  (DFK FROXPQ RI ; GLPHQ
VLRQV P × S LV D SUHGLFWRU LQ WKH ZHLJKWHG UHJUHVVLRQ HJ *RXUGML HW DO   ,Q WKLV
VWXG\ ; LQFOXGHV GDWDVHWV WHUPHG ¶DX[LOLDU\ GDWD· HJ VRLO WHPSHUDWXUH PRLVWXUH DQ DQWKUR
SRJHQLF HPLVVLRQV LQYHQWRU\ HWF WKDW KHOS H[SODLQ WKH VSDWLDO DQG VHDVRQDO GLVWULEXWLRQ RI PHWKDQH
ÁX[HV $GGLWLRQDOO\ RQH FROXPQ RI WKLV PDWUL[ LV FRQVWDQW HTXLYDOHQW WR WKH LQWHUFHSW RI WKH UH

JUHVVLRQ 7KH UHJUHVVLRQ FRHIÀFLHQWV շ GLPHQVLRQV S ×  DUH XQNQRZQ DQG DUH HVWLPDWHG LQ WKH
LQYHUVLRQ XVLQJ WKH DWPRVSKHULF PHWKDQH GDWD
7KH VHFRQG FRPSRQHQW WKH JHRVWDWLVWLFDO LQYHUVH PRGHO N (,4) LV WHUPHG WKH ¶VWRFKDVWLF
FRPSRQHQW· RU WKH ¶VSDWLDOO\FRUUHODWHG UHVLGXDO· 7KH VWRFKDVWLF FRPSRQHQW DGMXVWV DW JULG VFDOH
WKH ÁX[HV HVWLPDWHG E\ WKH GHWHUPLQLVWLF PRGHO 7KLV FRPSRQHQW IRU H[DPSOH FDQ FRUUHFW WKH
GHWHUPLQLVWLF PRGHO LI DQ\ HQYLURQPHQWDO GDWD LQ ; KDYH WKH LQFRUUHFW GLVWULEXWLRQ 7KH FRYDUL
DQFH PDWUL[ 4 GLPHQVLRQV P × P GHVFULEHV WKH PDJQLWXGH DQG WKH VSDWLRWHPSRUDO FRUUHODWLRQ
RI WKH VWRFKDVWLF FRPSRQHQW ,W LQFOXGHV RIIGLDJRQDO HOHPHQWV WKDW IROORZ DQ H[SRQHQWLDO FRYDUL
DQFH PRGHO DQ\ ÁX[HV HVWLPDWHG E\ WKH VWRFKDVWLF FRPSRQHQW ZLOO EH VSDWLDOO\ FRUUHODWHG ZLWK D
JLYHQ GHFRUUHODWLRQ OHQJWK 7KLV VSDWLDO FRUUHODWLRQ PHDQV WKDW WKH VWRFKDVWLF FRPSRQHQW FDQ DG
MXVW WKH ÁX[ HVWLPDWH RQ D ÀQH JULGVFDOH UHODWLYH WR WKH GHQVLW\ RI DWPRVSKHULF REVHUYDWLRQV HJ
0LFKDODN HW DO  0XHOOHU HW DO  9LOODQL HW DO  %HUJDPDVFKL HW DO  0LOOHU HW DO

7KH EHVW HVWLPDWH RI D JHRVWDWLVWLFDO LQYHUVLRQ LV REWDLQHG E\ PLQLPL]LQJ D FRVW IXQFWLRQ /
ZLWK UHVSHFW WR WKH PHWKDQH ÁX[HV V DQG WKH FRHIÀFLHQWV շ HJ .LWDQLGLV 	 9RPYRULV 
0LFKDODN HW DO 
/V,շ =


(]−+V)75−(]−+V) + 

(V− ;շ)74−(V− ;շ) 
7KH VXSSOHPHQW GLVFXVVHV IXUWKHU GHWDLOV RI WKH VWDWLVWLFDO VHWXS ,Q SDUWLFXODU ZH LPSOHPHQW WKH
LQYHUVLRQ ZLWK /DJUDQJH PXOWLSOLHUV WR SUHYHQW QHJDWLYH ÁX[HV VHH VXSSOHPHQW 0LOOHU HW DO
D )XUWKHUPRUH ZH HVWLPDWH WKH FRYDULDQFH PDWULFHV 5 DQG 4 XVLQJ UHVWULFWHG PD[LPXP
OLNHOLKRRG HVWLPDWLRQ 5(0/ .LWDQLGLV  0LFKDODN HW DO 
:H XVH WKLV VWDWLVWLFDO IUDPHZRUN WR HVWLPDWH PRQWKO\ PHWKDQH ÁX[HV V RQ D ◦ E\ ◦ ORQJLWXGH
ODWLWXGH JULG RYHU WKH \HDUV  DQG  \LHOGLQJ  WRWDO ORFDWLRQV LQ VSDFH DQG WLPH 7KH

JHRJUDSKLF GRPDLQ RI WKH LQYHUVLRQ VSDQV IURP  WR ◦1 ODWLWXGH DQG  WR ◦: ORQJLWXGH
 7KH GHWHUPLQLVWLF PRGHO RI ÁX[HV
7KH IROORZLQJ VHFWLRQV GLVFXVV WKH GHWHUPLQLVWLF PRGHO LQ JUHDWHU GHWDLO
$X[LOLDU\ HQYLURQPHQWDO GDWD
:H FRQVLGHU D QXPEHU RI DX[LOLDU\ GDWDVHWV RU SUHGLFWRUV IRU XVH LQ WKH GHWHUPLQLVWLF PRGHO 8O
WLPDWHO\ RQO\ D VHOHFWLRQ RI WKHVH GDWDVHWV LV XVHG LQ WKH LQYHUVLRQ GHSHQGLQJ RQ KRZ ZHOO HDFK
H[SODLQV WKH DWPRVSKHULF PHWKDQH GDWD VHH VHFWLRQ  7KHVH GDWDVHWV LQFOXGH ERWK HQYLURQ
PHQWDO GULYHUV RI ZHWODQG ÁX[HV DQG LQYHQWRU\ GDWD RQ DQWKURSRJHQLF HPLVVLRQV 7KH IXOO DU
UD\ RI SRVVLEOH GDWDVHWV IRU ; DUH VKRZQ LQ 7DEOH  7KHVH LQFOXGH PHWHRURORJLFDO GDWD IURP
:5) XVHG LQ WKLV YHUVLRQ RI .DSODQ PRGHO 1HKUNRUQ HW DO  DQG 1$55 XVHG LQ '/(0
0HVLQJHU HW DO  :H FRQVLGHU VRLO FDUERQ HVWLPDWHV IURP WKH /3- PRGHO XVHG LQ .DSODQ
6LWFK HW DO  3LFNHWW+HDSV HW DO  DQG WKH 1RUWKHUQ &LUFXPSRODU 6RLO &DUERQ 'DWDEDVH
1&6&' 7DUQRFDL HW DO  +XJHOLXV HW DO  :HWODQG FRYHUDJH HVWLPDWHV LQFOXGH PRGHO
RXWSXW IURP /3- DQG VXUIDFH ZDWHU GDWD IURP WKH *OREDO ,QXQGDWLRQ ([WHQW IURP 0XOWL6DWHOOLWHV
*,(06 GDWDEDVH 3ULJHQW HW DO  3DSD HW DO  5HIHU WR WKH VXSSOHPHQW IRU PDSV RI
WKHVH DX[LOLDU\ GDWDVHWV
,Q DGGLWLRQ WR ZHWODQGUHODWHG GDWDVHWV ZH DOVR FRQVLGHU PXOWLSOH GDWDVHWV RU SUHGLFWRUV IRU
WKH GLVWULEXWLRQ RI DQWKURSRJHQLF HPLVVLRQV 6SHFLÀFDOO\ ZH FRQVLGHU LQFOXGLQJ WKH ('*$5 Y
DQWKURSRJHQLF LQYHQWRU\ LQ WKH GHWHUPLQLVWLF PRGHO DV ZHOO DV WKH LQGLYLGXDO VHFWRUE\VHFWRU
HPLVVLRQV HVWLPDWHV IURP ('*$5 $ FRPSDQLRQ VWXG\ IRXQG WKDW ('*$5 Y GLG QRW PDWFK
WKH HVWLPDWHG GLVWULEXWLRQ RI DQWKURSRJHQLF HPLVVLRQV LQ WKH 8QLWHG 6WDWHV 0LOOHU HW DO 
+HQFH ZH FRQVLGHU DGGLWLRQDO SUR[LHV RWKHU WKDQ ('*$5 Y IRU WKH VSDWLDO GLVWULEXWLRQ RI

7DEOH  $X[LOLDU\ GDWD RU SUHGLFWRUV WHVWHG IRU XVH LQ WKH GHWHUPLQLVWLF PRGHO 1RWH 7KH VHFRQG FROXPQ
VWDWLFYDULDEOH OLVWV ZKHWKHU WKH DX[LOLDU\ GDWD LQ TXHVWLRQ LV VHDVRQDOO\ FRQVWDQW RU YDULHV WHPSRUDOO\
$OVR VRLO PRLVWXUH DQG WHPSHUDWXUH DUH DYDLODEOH DW PXOWLSOH YHUWLFDO VRLO OHYHOV LQ :5) DQG 1$55  
 DQG  FP GHSWK LQ :5) DQG    DQG FP GHSWK LQ 1$55
'HVFULSWLRQ 6WDWLFYDULDEOH 6RXUFH PRGHO
/LTXLG VRLO PRLVWXUH HJ QRW IUR]HQ 0 YDULDEOH :5) 1$55
7RWDO VRLO PRLVWXUH OLTXLG + IUR]HQ 07RW YDULDEOH :5) 1$55
6RLO WHPSHUDWXUH YDULDEOH :5) 1$55
:HWODQG FRYHUDJH IUDFWLRQ : VWDWLF /3- *,(06
6RLO FDUERQ FRQWHQW & VWDWLF /3- 1&6&'
(VWLPDWHG GLVWULEXWLRQ RI DQWKURSRJHQLF HPLVVLRQV VWDWLF ('*$5 Y
6PRRWK WULFXELF IXQFWLRQV VWDWLF
DQWKURSRJHQLF HPLVVLRQV )RU H[DPSOH ZH FRQVWUXFW VPRRWK WULFXEH IXQFWLRQV FHQWHUHG RYHU
NQRZQ DQWKURSRJHQLF VRXUFH UHJLRQV HJ $OEHUWD 2NODKRPD &DOLIRUQLD WKH 86 (DVW &RDVW
UHIHU WR WKH VXSSOHPHQW 7KH VXEVHTXHQW VHFWLRQ GLVFXVVHV KRZ WR FKRRVH DPRQJ WKLV DUUD\ RI
DX[LOLDU\ GDWDVHWV ZKHQ FRQVWUXFWLQJ WKH GHWHUPLQLVWLF PRGHO
6HOHFWLRQ RI DX[LOLDU\ GDWD
,W ZRXOG EH LOODGYLVHG WR XVH DOO DX[LOLDU\ GDWDVHWV IURP 7DEOH  LQ WKH GHWHUPLQLVWLF PRGHO
WKH UHVXOWLQJ PRGHO ZRXOG EH DQ RYHUÀW ZLWK SUREOHPDWLF FROLQHDULW\ HJ =XFFKLQL  :H
LQVWHDG XVH D VWDWLVWLFDO VHOHFWLRQ PHWKRG WR FKRRVH DQ RSWLPDO VHW RI DX[LOLDU\ GDWDVHWV IRU WKH
GHWHUPLQLVWLF PRGHO 7KHVH PHWKRGV VHOHFW DV PDQ\ GDWDVHWV IRU ; DV FDQ H[SODLQ YDULDELOLW\ LQ
WKH PHWKDQH ÁX[HV EXW ZLOO SUHYHQW DQ RYHUÀW RU XQUHOLDEOH FRHIÀFLHQW HVWLPDWHV :H LPSOHPHQW
RQH RI WKH PRVW FRPPRQ PHWKRGV WKH %D\HVLDQ LQIRUPDWLRQ FULWHULRQ %,& DV LQ *RXUGML HW DO
 7KH %,& QXPHULFDOO\ VFRUHV DOO SRVVLEOH FRPELQDWLRQV RI DX[LOLDU\ GDWD EDVHG RQ KRZ ZHOO
WKH\ UHGXFH WKH PRGHOPHDVXUHPHQW UHVLGXDOV DQG DSSOLHV DQ LQFUHDVLQJ SHQDOW\ IRU PRGHO FRP
SOH[LW\ UHIHU WR WKH VXSSOHPHQW 6SHFLÀFDOO\ WKLV SHQDOW\ LQFUHDVHV ZLWK WKH QXPEHU RI FROXPQV
LQ ; DQG ZLWK WKH ORJ RI WKH QXPEHU RI REVHUYDWLRQV 8QOLNH IUHTXHQWLVW VWDWLVWLFV WKHVH VFRUHV

GR QRW VXSSRUW SYDOXHV RU WUDGLWLRQDO K\SRWKHVLV WHVWLQJ 7KH EHVW PRGHO LV VLPSO\ WKH RQH ZLWK
WKH ORZHVW VFRUH .DVV 	 5DIWHU\  SURYLGH D TXDOLWDWLYH DVVHVVPHQW RI PRGHO VWUHQJWK EDVHG
RQ WKH GLIIHUHQFH LQ %,& VFRUHV $ VFRUH GLIIHUHQFH JUHDWHU WKDQ WZR LV ´ZRUWK PHQWLRQLQJµ DQG
JUHDWHU WKDQ  LV ´YHU\ VWURQJµ
,Q PDQ\ FDVHV RQH PLJKW H[SHFW WKDW WKH SURGXFW RI WZR RU PRUH GLIIHUHQW HQYLURQPHQWDO YDUL
DEOHV PD\ EH D EHWWHU SUHGLFWRU WKDQ DQ DGGLWLYH PRGHO VR ZH WHVW PXOWLSOLFDWLYH LQWHUDFWLRQV
DPRQJ WKH ZHWODQGUHODWHG DX[LOLDU\ GDWDVHWV $GGLWLRQDOO\ VHYHUDO RI WKH DX[LOLDU\ GDWDVHWV DUH
FROLQHDU HJ WRWDO VRLO PRLVWXUH DQG XQIUR]HQ VRLO PRLVWXUH DQG ZH DUH FDUHIXO QRW WR LQFOXGH
VLPLODU RU FROLQHDU SUHGLFWRUV LQ WKH VDPH FDQGLGDWH PRGHO IRU ; )RU FRQVLVWHQF\ ZH GR QRW PL[
:5) DQG 1$55 GDWDVHWV LQ WKH VDPH FDQGLGDWH PRGHO
 5HVXOWV DQG GLVFXVVLRQ
 0RGHOGDWD FRPSDULVRQ XVLQJ H[LVWLQJ ÁX[ HVWLPDWHV
0HWKDQH FRQFHQWUDWLRQV PRGHOHG ZLWK H[LVWLQJ ÁX[ HVWLPDWHV H[KLELW D YDULDEOH ÀW DJDLQVW WKH
DWPRVSKHULF GDWD VHH )LJ  )RU H[DPSOH ERWK WKH .DSODQ DQG '/(0 PRGHOV PDWFK WKH JHQ
HUDO VKDSH RI WKH VHDVRQDO F\FOH DW HDVWHUQ WRZHU VLWHV /() )6' &+0 EXW XQGHUHVWLPDWH WKH
PDJQLWXGH RI WKH PHDVXUHPHQWV $PRQJ WKHVH VLWHV PRGHOV PDWFK REVHUYDWLRQV PRVW FORVHO\
DW )UDVHUGDOH 2QWDULR )6' SRVVLEO\ EHFDXVH 3LFNHWW+HDSV HW DO  YDOLGDWHG WKH .DSODQ
PRGHO DW )UDVHUGDOH ([LVWLQJ PHWKDQH ÁX[ HVWLPDWHV KRZHYHU SHUIRUP IDU ZRUVH DW WKH ZHVWHUQ
VLWHV &'/ DQG (7/ )RU H[DPSOH WKH PRGHOV XQGHUHVWLPDWH ERWK REVHUYHG VXPPHU DQG ZLQWHU
PD[LPD DW WKHVH VLWHV 7KH REVHUYHG VXPPHU PD[LPD DUH OLNHO\ FDXVHG E\ SHDN VXPPHU ZHWODQG
ÁX[HV ZKLOH WKH ZLQWHU PD[LPD OLNHO\ UHÁHFW D FRPELQDWLRQ RI DGYHFWHG DQWKURSRJHQLF HPLVVLRQV
DQG OLPLWHG YHUWLFDO PL[LQJ ZLWKLQ WKH WURSRVSKHUH 7KLV UHVXOW LPSOLHV WKDW H[LVWLQJ LQYHQWRULHV
XQGHUHVWLPDWH ERWK ZHWODQG DQG DQWKURSRJHQLF ÁX[HV LQ ZHVWHUQ &DQDGD
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Range of obs.
Edgar 4.2
Edgar + Kaplan
Edgar + Dlem
CH
4 
(pp
b)
Candle Lake, SK (CDL)
East Trout Lake, 
SK (ETL)
Park Falls, WI (LEF)
Fraserdale, ON (FSD)
Chibougamau, QC (CHM)
)LJXUH  $ FRPSDULVRQ RI PRGHOHG PL[LQJ UDWLRV DJDLQVW PHDVXUHPHQWV DW WKH REVHUYDWLRQ VLWHV 7KH
HVWLPDWHG ERXQGDU\ FRQGLWLRQ YDOXHV KDYH EHHQ VXEWUDFWHG IURP WKH REVHUYDWLRQV WKH GLIIHUHQFH LQGL
FDWHV WKH HIIHFW RI 1RUWK $PHULFDQ PHWKDQH VRXUFHV RQ WKH PHDVXUHPHQW VLWHV ('*$5 Y LV DQ DQWKUR
SRJHQLF HPLVVLRQV LQYHQWRU\ ZKLOH .DSODQ DQG '/(0 PRGHO ZHWODQGV 7KH PRGHO DQG REVHUYDWLRQV DUH
VPRRWKHG XVLQJ D UG RUGHU 6DYLW]N\*ROD\ ÀOWHU ZLWK D SRLQW ZLQGRZ

7KH PRGHOGDWD FRPSDULVRQ LQ )LJ  DOVR UHYHDOV LPSRUWDQW FRQFOXVLRQV DERXW WKH LQWHUGH
SHQGHQFH RI ZHWODQG DQG DQWKURSRJHQLF HPLVVLRQV HVWLPDWHV *DSV LQ DQWKURSRJHQLF HPLVVLRQV
LQYHQWRULHV FDQ DIIHFW WKH SHUFHLYHG DPSOLWXGH RU VHDVRQDOLW\ RI WKH ZHWODQG ÁX[ PRGHO (YHQ LQ
UHPRWH UHJLRQV OLNH WKH +%/ WKH HVWLPDWLRQ RI ZHWODQG ÁX[HV KLQJHV RQ D UHOLDEOH DQWKURSRJHQLF
HPLVVLRQV HVWLPDWH )RU H[DPSOH WKH .DSODQ('*$5 Y PRGHOHG FRQFHQWUDWLRQV DUH FRQVLV
WHQWO\ WRR ORZ DW WKH )UDVHUGDOH VLWH EXW WKH DPSOLWXGH RI WKH VXPPHU PD[LPXP LV VLPLODU WR WKH
DPSOLWXGH RI WKH GDWD 7KLV GLVFUHSDQF\ FRXOG UHÁHFW RQH RI WZR SUREOHPV HLWKHU WKH ZHWODQG
LQYHQWRU\ KDV WKH LQFRUUHFW PDJQLWXGH DQG VHDVRQDO VWUXFWXUH RU WKH DQWKURSRJHQLF LQYHQWRU\
('*$5 Y LV VLPSO\ WRR ORZ 7KH WLPH VHULHV DW 3DUN )DOOV /() :LVFRQVLQ IXUWKHU LOOXV
WUDWHV WKH LPSRUWDQFH RI WKH DQWKURSRJHQLF HPLVVLRQV HVWLPDWH ,W DSSHDUV WKDW WKH ZHWODQG ÁX[
PRGHOV EHJLQ SURGXFLQJ PHWKDQH WRR HDUO\ LQ WKH VSULQJ RI  DW /() $ FORVHU H[DPLQDWLRQ RI
)LJ  KRZHYHU UHYHDOV ODUJH ∼SSE PRGHOHG FRQFHQWUDWLRQV IURP DQWKURSRJHQLF VRXUFHV
GXULQJ WKLV SHULRG 7KLV PRGHOGDWD GLVFUHSDQF\ FRXOG VWHP IURP PLVVSHFLÀHG DQWKURSRJHQLF
HPLVVLRQV QRW SUREOHPV LQ WKH VHDVRQDO VWUXFWXUH RI WKH ZHWODQG PRGHO 7KHVH H[DPSOHV KLJK
OLJKW WKH GLIÀFXOW\ RI GLVHQWDQJOLQJ DQWKURSRJHQLF DQG ZHWODQG PHWKDQH ÁX[HV
6XEVHTXHQW VHFWLRQV GLVFXVV WKH GHWHUPLQLVWLF PRGHO DQG JHRVWDWLVWLFDO LQYHUVLRQ UHVXOWV LQ
JUHDWHU GHWDLO
 (QYLURQPHQWDO SUHGLFWRUV RI ZHWODQG ÁX[HV
7KLV VHFWLRQ H[SORUHV WKH UHVXOWV RI WKH GHWHUPLQLVWLF PRGHO ;շ VHFWLRQ  DQG  $V GLV
FXVVHG LQ WKH PHWKRGV VHFWLRQV WKH GHWHUPLQLVWLF PRGHO LV DQDORJRXV WR D ZHLJKWHG PXOWLYDUL
DWH UHJUHVVLRQ 0RGHO VHOHFWLRQ PHWKRGV OLNH WKH %,& VHFWLRQ  SOD\ D FUXFLDO UROH LQ FRQ
VWUXFWLQJ WKLV GHWHUPLQLVWLF PRGHO WKH\ VHOHFW DX[LOLDU\ GDWDVHWV 7DEOH  IRU WKH GHWHUPLQLVWLF
PRGHO WKDW FDQ EHVW H[SODLQ WKH DWPRVSKHULF PHWKDQH GDWD ,Q WKLV ZD\ PRGHO VHOHFWLRQ SURYLGHV
D PHDQV WR REMHFWLYHO\ XQGHUVWDQG DQG DVVHVV ELRJHRFKHPLFDO PHWKDQH PRGHOV DW FRQWLQHQWDO

VFDOH
7KH %,& VHOHFWLRQ FKRRVHV WKH IROORZLQJ GHWHUPLQLVWLF PRGHO IRU PHWKDQH ÁX[HV LQ &DQDGD
7DEOH 
շ + շ[VPRRWK IXQFWLRQV] + շ[:][0]I.DSODQ(7)
7KLV VHOHFWHG PRGHO IRU PHWKDQH ÁX[HV LV UHODWLYHO\ VLPSOH 7KH ÀUVW WHUP շ LV D FRQVWDQW
FRPSRQHQW HTXLYDOHQW WR WKH LQWHUFHSW LQ D UHJUHVVLRQ ,W GHVFULEHV WKH DYHUDJH PDJQLWXGH RI DOO
VRXUFHV QRW H[SOLFLWO\ LQFOXGHG LQ RWKHU FRPSRQHQWV RI WKH GHWHUPLQLVWLF PRGHO )RU H[DPSOH
WKLV FRPSRQHQW PLJKW LQFOXGH DJULFXOWXUH ODQGÀOOV DQG ZDVWHZDWHU WUHDWPHQW VRXUFHV DPRQJ
RWKHU SRVVLELOLWLHV
7KH VHFRQG WHUP շ[VPRRWK IXQFWLRQV ] SDUDPHWHUL]HV DQWKURSRJHQLF VRXUFHV 6HFWLRQ 
7KLV WHUP SODFHV VPRRWK JHRPHWULF IXQFWLRQV RYHU NQRZQ VRXUFH UHJLRQV LQFOXGLQJ $OEHUWD
&DOLIRUQLD 2NODKRPD DQG WKH 86 HDVW FRDVW 7KH %,& GRHV QRW FKRRVH WKH ('*$5 Y DQWKUR
SRJHQLF LQYHQWRU\ IRU WKH GHWHUPLQLVWLF PRGHO EHFDXVH LW ÀWV WKH DWPRVSKHULF GDWD OHVV ZHOO WKDQ
WKH VPRRWK JHRPHWULF IXQFWLRQV 7DEOH  +HQFH ZH GR QRW XWLOL]H ('*$5 ZLWKLQ WKH DWPR
VSKHULF LQYHUVLRQ
7KH ÀQDO FRPSRQHQW RI WKH GHWHUPLQLVWLF PRGHO շ[:][0]I.DSODQ(7) SDUDPHWHUL]HV ZHWODQG
ÁX[HV 7KLV WHUP LQ WKH GHWHUPLQLVWLF PRGHO LQFOXGHV WKUHH DX[LOLDU\ GDWDVHWV WKH GLVWULEXWLRQ
RI ZHWODQGV : D PDS RI XQIUR]HQ VRLO PRLVWXUH 0 DQG DQ $UUKHQLXV HTXDWLRQ EDVHG XSRQ
VRLO WHPSHUDWXUH I.DSODQ(7) 7KH RSWLPDO GHWHUPLQLVWLF PRGHO XVHV WKH ZHWODQG PDS IURP WKH
/3- PRGHO DQG VRLO YDULDEOHV IURP 1$55 DW FP VRLO GHSWK $OO RWKHU SRVVLEOH FRPELQDWLRQV
DQG LQWHUDFWLRQV RI WKH DX[LOLDU\ YDULDEOHV LQ 7DEOH  SURGXFH KLJKHU %,& VFRUHV 7DEOH  )RU
H[DPSOH ZH WHVW ZHWODQG PRGHOV WKDW LQFOXGH VRLO FDUERQ HQYLURQPHQWDO YDULDEOHV DW GLIIHUHQW
GHSWKV LQ WKH VRLO SURÀOH DQG GLIIHUHQW HVWLPDWHV IRU ZHWODQG GLVWULEXWLRQ )XUWKHUPRUH ZH WHVW D
GHWHUPLQLVWLF PRGHO WKDW XVHV WKH IXQFWLRQDO IRUP RI WHPSHUDWXUH DQGRU VRLO PRLVWXUH IURP WKH

7DEOH  %,& VFRUHV IRU D VHOHFWLRQ RI FDQGLGDWH GHWHUPLQLVWLF PRGHOV 1RWH :H WHVW DOO SRVVLEOH FRPEL
QDWLRQV DQG LQWHUDFWLRQV RI WKH DX[LOLDU\ YDULDEOHV LQ 7DEOH  DQG GLVSOD\ RQO\ D VDPSOH KHUH 7KH WDEOH
LV LQWHQGHG WR VKRZ WKH UDQJH RI %,& VFRUHV IRU WKH EHVWVFRULQJ PRGHOV DQG D IHZ RWKHU QRWDEOH PRGHOV
7KH GULIW FRHIÀFLHQWV շ VFDOH WKH PDJQLWXGH RI WKH DX[LOLDU\ GDWD WR PDWFK WKH PHWKDQH REVHUYDWLRQV $OO
PRGHOV DERYH XVH LQSXWV IURP 1$55 FP GHSWK DQG /3- XQOHVV RWKHUZLVH QRWHG I.DSODQ(· · · ) UHIHUV WR
WKH IXQFWLRQDO IRUP XVHG LQ WKH .DSODQ PRGHO I'/(0(· · · ) WKH IXQFWLRQDO IRUP LQ '/(0
&DQGLGDWH PRGHO %,&
շ + շ[WULFXELF IXQFWLRQV] + շ[:][0]I.DSODQ(7) 
շ + շ[WULFXELF IXQFWLRQV] + շ[:][07RW]I.DSODQ(7) 
շ + շ[WULFXELF IXQFWLRQV] + շ[:][0]I.DSODQ(7)I.DSODQ(&) 
շ + շ[WULFXELF IXQFWLRQV] + շ[IXOO .DSODQ PRGHO] 
շ + շ[WULFXELF IXQFWLRQV] + շ[:][0]I.DSODQ(7) XVLQJ 1$55 VXUIDFH VRLO OD\HU 
շ + շ[WULFXELF IXQFWLRQV] + շ[:]I'/(0(0)I'/(0(7) 
շ + շ[('*$5 Y] + շ[:][0]I.DSODQ(7) 
'/(0 PRGHO
7KLV VHOHFWHG ZHWODQG PRGHO LV VLPLODU WR WKH .DSODQ ÁX[ PRGHO EXW ZLWK VRLO FDUERQ UHPRYHG
6HFWLRQ  V\QWKHVL]HV WKH ZHWODQG ÁX[ UHVXOWV IURP WKLV VWXG\ DQG KLJKOLJKWV ZKDW WKLV SD
UDPHWHUL]HG ZHWODQG PRGHO PLJKW LQGLFDWH DERXW ELRJHRFKHPLFDO PHWKDQH PRGHOLQJ
7DEOH  OLVWV WKH &DQDGLDQ PHWKDQH EXGJHW DVVRFLDWHG ZLWK HDFK FRPSRQHQW RI WKH GHWHUPLQ
LVWLF PRGHO DQG FRPSDUHV WKHVH HVWLPDWHV DJDLQVW H[LVWLQJ LQYHQWRULHV ,W LV LPSRUWDQW WR UHPHP
EHU WKDW WKH PHWKDQH EXGJHWV IURP WKH GHWHUPLQLVWLF PRGHO DUH HVWLPDWHG XVLQJ WKH DWPRVSKHULF
GDWD ² YLD WKH XQNQRZQ FRHIÀFLHQWV շ 7KH VPRRWK IXQFWLRQV UHSUHVHQW WKH ODUJHVW FRPSRQHQW
RI WKH GHWHUPLQLVWLF PRGHO IROORZHG E\ WKH FRQVWDQW FRPSRQHQW DQG ÀQDOO\ WKH ZHWODQG FRPSR
QHQW :KHQ LQWHUSUHWLQJ WKHVH EXGJHWV KRZHYHU LW LV LPSRUWDQW WR QRWH WKDW WKH FRQVWDQW FRPSR
QHQW շˆ FRXOG UHSUHVHQW HLWKHU DQWKURSRJHQLF HPLVVLRQV RU ZHWODQG ÁX[HV
)LJXUHV  DQG  YLVXDOL]H WKH GHWHUPLQLVWLF PRGHO ERWK VSDWLDOO\ DQG LQ UHODWLRQ WR WKH DW
PRVSKHULF PHWKDQH GDWD )LJXUHV  GLVSOD\V WKH DQQXDO DYHUDJH RI WKH GHWHUPLQLVWLF PRGHO
7KH VPRRWK JHRPHWULF IXQFWLRQV WR SDUDPHWHUL]H DQWKURSRJHQLF HPLVVLRQV DUH HYLGHQW RYHU WKH
SURYLQFH RI $OEHUWD DQG RYHU WKH 'DNRWDV 7KH ZHWODQG PRGHO LV PRUH GLIÀFXOW WR GLVWLQJXLVK

7DEOH  &DQDGD PHWKDQH EXGJHWV IURP WKH GHWHUPLQLVWLF PRGHO VRXWK RI ◦1 DQG VHYHUDO LQYHQWRU\
HVWLPDWHV
)OX[ PRGHO &DQDGD EXGJHW
7J & \U−
'HWHUPLQLVWLF PRGHO
շˆ .± .
շˆ[VPRRWK IXQFWLRQV] .± .
շˆ[:][0]I.DSODQ(7) .± .
([LVWLQJ ZHWODQG PRGHOV
.DSODQ PRGHO 
'/(0 PRGHO 
([LVWLQJ DQWKURSRJHQLF LQYHQWRULHV
(QYLURQPHQW &DQDGD 
('*$5 Y 
LQ WKLV DQQXDO PHDQ SORW EXW LV ODUJHVW VRXWK RI +XGVRQ %D\ LQ HDVWHUQ &DQDGD DQG QHDU *UHDW
6ODYH /DNH LQ 1RUWKZHVW 7HUULWRULHV 7KH GHWHUPLQLVWLF PRGHO LV QRQ]HUR HYHU\ZKHUH DFURVV
&DQDGD DQG WKLV UHÁHFWV WKH FRQVWDQW WHUP շ RI WKH GHWHUPLQLVWLF PRGHO 7KLV WHUP KDV DQ HV
WLPDWHG PDJQLWXGH RI  ±  ×−ܟPRO P− V−  ±  7J& \U− RYHU &DQDGD 7DEOH 
'HVSLWH WKH VLPSOLFLW\ RI WKH GHWHUPLQLVWLF PRGHO WKH PL[LQJ UDWLRV HVWLPDWHG ZLWK WKLV PRGHO
PDWFK IDYRUDEO\ DJDLQVW DWPRVSKHULF PHDVXUHPHQWV )LJ  7KH GHWHUPLQLVWLF PRGHO ÀWV WKH
DWPRVSKHULF PHWKDQH REVHUYDWLRQV 5 = . URRW PHDQ VTXDUHG HUURU 506(   SSE EHWWHU
WKDQ HLWKHU WKH PRGHO VHWXS ZLWK .DSODQ DQG ('*$5 Y 5 = . 506(  SSE RU '/(0
DQG ('*$5 Y 5 = . 506(  SSE 7KH IRUPXODWLRQ RI DQWKURSRJHQLF HPLVVLRQV LQ WKH
GHWHUPLQLVWLF PRGHO PD\ DFFRXQW IRU PXFK RI WKLV LPSURYHG ÀW DJDLQVW WKH DWPRVSKHULF GDWD
'HVSLWH WKH LPSURYHPHQW WKH GHWHUPLQLVWLF PRGHO GLVSOD\V WZR QRWDEOH VKRUWIDOOV )LUVW WKH
GHWHUPLQLVWLF PRGHO GRHV QRW UHSURGXFH WKH VXPPHU PD[LPD REVHUYHG DW ZHVWHUQ REVHUYDWLRQ
VLWHV &'/ DQG (7/ 6HFRQG WKH GHWHUPLQLVWLF PRGHO XQGHUHVWLPDWHV WKH VXPPHU PD[LPD DW WKH

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Posterior estimate
Deterministic model
)LJXUH  7KH PRQWK  \HDU PHDQ HVWLPDWHG PHWKDQH ÁX[ IURP WKH GHWHUPLQLVWLF PRGHO WRS DQG
WKH ÀQDO SRVWHULRU HVWLPDWH ERWWRP

:LVFRQVLQ /() DQG 4XHEHF &+0 REVHUYDWLRQ VLWHV 7KHVH VKRUWIDOOV VXJJHVW WKDW WKH VSDWLDO
GLVWULEXWLRQ RI ZHWODQG ÁX[HV LQ WKH GHWHUPLQLVWLF PRGHO PD\ EH WRR UHVWULFWLYH ,Q RWKHU ZRUGV
ZHWODQG ÁX[HV OLNHO\ H[WHQG IXUWKHU ZHVW HDVW DQG VRXWK WKDQ LQ WKH GHWHUPLQLVWLF PRGHO ZKLFK
SODFHV WKH ODUJHVW ZHWODQG ÁX[HV LQ WKH +%/
6XEVHTXHQW VHFWLRQV GLVFXVV WKH ÀQDO PHWKDQH ÁX[ HVWLPDWH IURP WKH JHRVWDWLVWLFDO LQYHUVLRQ
ˆV 7KLV ÀQDO EHVW HVWLPDWH 5 = . 506(  SSE LV KHQFHIRUWK UHIHUUHG WR DV WKH ¶SRVWHULRU·
ÁX[HV
 7KH VSDWLDO DQG WHPSRUDO GLVWULEXWLRQ RI HPLVVLRQV
7KH SRVWHULRU ÁX[ HVWLPDWH LGHQWLÀHV WZR PDMRU VRXUFH UHJLRQV LQ &DQDGD )LJ  RYHU $O
EHUWD LQ ZHVWHUQ &DQDGD DQG RYHU WKH +%/ LQ HDVWHUQ &DQDGD 7KLV GLVFXVVLRQ DQDO\]HV HDFK
JHRJUDSKLF UHJLRQ LQGLYLGXDOO\
,Q ZHVWHUQ &DQDGD WKH LQYHUVLRQ LGHQWLÀHV D ODUJH VHDVRQDOO\FRQVWDQW PHWKDQH VRXUFH UH
JLRQ RYHU $OEHUWD ,Q WKH GHWHUPLQLVWLF PRGHO WKLV VRXUFH LV UHSUHVHQWHG E\ D VPRRWK IXQFWLRQ
%XW LQ WKH SRVWHULRU HVWLPDWH WKLV VRXUFH UHJLRQ EHFRPHV D PRUH ZHOOGHÀQHG FUHVFHQW VKDSH
RYHU $OEHUWD )LJ  7KHVH HPLVVLRQV OLNHO\ RULJLQDWH IURP DQWKURSRJHQLF DFWLYLW\ DQG D IX
WXUH VWXG\ ZLOO JLYH DQ LQGHSWK DQDO\VLV RI DQWKURSRJHQLF HPLVVLRQV LQ &DQDGD 7KH SRVWHULRU
ÁX[ HVWLPDWH DOVR LQFOXGHV D ODUJH VXPPHU VRXUFH LQ $OEHUWD DQG 6DVNDWFKHZDQ $V GLVFXVVHG
SUHYLRXVO\ WKHVH ÁX[HV DUH QRW UHSUHVHQWHG E\ WKH DX[LOLDU\ HQYLURQPHQWDO GDWDVHWV LQ WKH GH
WHUPLQLVWLF PRGHO 7KLV RPLVVLRQ LQ ZHVWHUQ &DQDGD GRPLQDWHV WKH GLVFUHSDQF\ LQ VXPPHUWLPH
&DQDGLDQ PHWKDQH EHWZHHQ WKH GHWHUPLQLVWLF PRGHO DQG SRVWHULRU ÁX[HV )LJ  7KH RPLVVLRQ
LPSOLHV WKDW HLWKHU WKH /3- ZHWODQG RU WKH 1$55 VRLO PRLVWXUH PDS LV DQ XQGHUHVWLPDWH LQ ZHVW
HUO\ UHJLRQV RI &DQDGD 8QIRUWXQDWHO\ WKH DWPRVSKHULF GDWD LQ WKLV UHJLRQ KDV OLPLWHG FDSDELO
LW\ WR SLQSRLQW WKH H[DFW ORFDWLRQ RI WKHVH ZHVWHUQ ZHWODQG ÁX[HV DWPRVSKHULF REVHUYDWLRQV DUH
VSDUVH LQ ZHVWHUQ &DQDGD DQG ZHWODQG ÁX[HV DUH FRORFDWHG ZLWK ODUJH DQWKURSRJHQLF VRXUFHV
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Range of obs.
Deterministic
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Posterior fluxes
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East Trout Lake, 
SK (ETL)
Park Falls, WI (LEF)
Chibougamau, QC (CHM)
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)LJXUH  $ FRPSDULVRQ RI PRGHOHG PL[LQJ UDWLRV DJDLQVW PHDVXUHPHQWV DW WKH REVHUYDWLRQ VLWHV 7KLV
ÀJXUH LV VLPLODU WR )LJ  EXW FRPSDUHV WKH GHWHUPLQLVWLF PRGHO DQG SRVWHULRU HPLVVLRQV HVWLPDWH LQVWHDG
RI H[LVWLQJ ÁX[ PRGHOV

,Q VXP WKLV VWXG\ LGHQWLÀHV $OEHUWD DV D UHJLRQ ZLWK SRRUO\NQRZQ ZHWODQG ÁX[HV DQG DV D SRV
VLEOH KRWVSRW RI DQWKURSRJHQLF HPLVVLRQV :H UHFRPPHQG WKDW IXWXUH PHWKDQH PHDVXUHPHQW
HIIRUWV IRFXV RQ $OEHUWD EHFDXVH WKLV SURYLQFH LV D NH\ XQFHUWDLQW\ LQ FXUUHQW XQGHUVWDQGLQJ RI
&DQDGLDQ PHWKDQH VRXUFHV
(DVWHUQ &DQDGD LQ FRQWUDVW LV GRPLQDWHG E\ VHDVRQDO PHWKDQH ÁX[HV WKDW SUHVXPDEO\ HP
DQDWH IURP ZHWODQGV )LJXUH  FRPSDUHV WKH VHDVRQDO F\FOH RI '/(0 .DSODQ WKH GHWHUPLQLV
WLF PRGHO DQG WKH SRVWHULRU ÁX[ HVWLPDWH RYHU WKH +%/ 7KH VHDVRQDO F\FOH RI WKH GHWHUPLQLVWLF
PRGHO DQG SRVWHULRU ÁX[ HVWLPDWH FRPSDUH VLPLODUO\ WR WKH .DSODQ PRGHO EXW KDYH D EURDGHU
VHDVRQDOLW\ WKDQ '/(0 7KH SRVWHULRU ÁX[ HVWLPDWH PDWFKHV WKH .DSODQ PRGHO PRUH FORVHO\ WKDQ
WKH GHWHUPLQLVWLF PRGHO RYHU WKH +%/ WKRXJK WKH GHWHUPLQLVWLF PRGHO LV D EHWWHU PDWFK WKDQ
.DSODQ('*$5 Y LQ RWKHU UHJLRQV RI &DQDGD DQG WKH QRUWKHUQ 86
6HDVRQDO VWUXFWXUH DVLGH WKH ÁX[ PRGHOV DOVR GLYHUJH LQ VSDWLDO GLVWULEXWLRQ )LJXUH  GLV
SOD\V WKH PHDQ VXPPHU -XO\ $XJXVW 6HSWHPEHU PHWKDQH ÁX[ HVWLPDWHG E\ WKH LQYHUVLRQ IRU
HDVWHUQ &DQDGD ,W DOVR GLVSOD\V WKH GLIIHUHQFH EHWZHHQ WKLV HVWLPDWH DQG WKH '/(0 DQG .DSODQ
PRGHOV 2XU ÁX[ HVWLPDWH LV PRUH VSDWLDOO\GLVSHUVLYH WKDQ '/(0 DFURVV WKH +XGVRQ %D\ UH
JLRQ 7KH GLIIHUHQFHV EHWZHHQ WKH SRVWHULRU HVWLPDWH DQG .DSODQ DUH PRUH VXEWOH 7KH SRVWHULRU
HVWLPDWH LQGLFDWHV PHWKDQH ÁX[HV DFURVV D EURDGHU UHJLRQ WKDQ .DSODQ LQWR 0LQQHVRWD :LVFRQ
VLQ 0DQLWRED DQG IXUWKHU ZHVW
)LJXUH  VXPPDUL]HV WKH ÀQGLQJV RI WKLV VWXG\ DV DQ DQQXDO PHWKDQH EXGJHW HVWLPDWH IRU WKH
+%/ DQG IRU DOO RI &DQDGD VRXWK RI ◦ ODWLWXGH 2XU PHWKDQH HVWLPDWH IRU &DQDGD LV D IDFWRU
RI  WR  WLPHV H[LVWLQJ HVWLPDWHV $QWKURSRJHQLF HPLVVLRQV LQ ZHVWHUQ &DQDGD PD\ H[SODLQ
PXFK RI WKLV GLVFUHSDQF\ ,Q FRQWUDVW RXU DQQXDO +%/ EXGJHW LV FRQVLVWHQW ZLWK WKDW RI '/(0
DQG 3LFNHWW+HDSV HW DO  ZKR XVH WKH .DSODQ ZHWODQG PRGHO EXW RXU HVWLPDWH GLYHUJHV
IURP D VLWHEDVHG VWXG\ E\ 5RXOHW HW DO  DQG D ER[ PRGHO VWXG\ E\ :RUWK\ HW DO  VHH
WKH VXSSOHPHQW )XUWKHUPRUH WKH +%/ EXGJHW HVWLPDWHG KHUH LV ORZ FRPSDUHG WR WKH DUUD\ RI

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)LJXUH  7KH PRQWKO\ DYHUDJH PHWKDQH EXGJHW HVWLPDWHG IRU WKH +%/ DQG &DQDGD LQ  ²  ([LVW
LQJ PRGHOV XQGHUHVWLPDWH ZHWODQG ÁX[HV LQ ZHVWHUQ &DQDGD 7KLV UHJLRQDO VKRUWIDOO H[SODLQV PXFK RI WKH
VXPPHUWLPH GLVFUHSDQF\ EHWZHHQ WKH ÁX[ PRGHOV DQG WKH SRVWHULRU HVWLPDWH LQ WKH ORZHU SDQHO
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)LJXUH  7KH WRS SDQHO GLVSOD\V WKH SRVWHULRU ÁX[ HVWLPDWH DYHUDJHG RYHU DOO VXPPHU PRQWKV -XO\ 
6HSWHPEHU IRU ² %RWWRP SDQHOV LOOXVWUDWH WKH GLIIHUHQFH EHWZHHQ WKH SRVWHULRU HVWLPDWH DQG WKH
'/(0 DQG .DSODQ PHWKDQH PRGHOV

ELRJHRFKHPLFDO PRGHOV OLVWHG LQ 0HOWRQ HW DO D 7KH +%/ EXGJHWV LQ WKRVH PRGHOV UDQJH
IURP  ²  7J& \U− 7KLV UDQJH LQ ZHWODQG PHWKDQH HVWLPDWHV LQ LV OLNHO\ JUHDWHU WKDQ WKH
LQWHUDQQXDO YDULDELOLW\ LQ ZHWODQG ÁX[HV )RU H[DPSOH 7LDQ HW DO  HVWLPDWH DQ  VWDQ
GDUG GHYLDWLRQ LQ DQQXDO 1RUWK $PHULFDQ PHWKDQH ÁX[HV
 $ V\QWKHVLV SHUVSHFWLYH RQ ELRJHRFKHPLFDO PHWKDQH PRGHOV
7KLV VHFWLRQ H[SORUHV WKH VWXG\·V LPSOLFDWLRQV IRU ELRJHRFKHPLFDO PHWKDQH PRGHOLQJ 7KH LQYHU
VLRQ UHVXOWV HJ VHFWLRQ  UDLVH WKH TXHVWLRQ RI ZK\ D VLPSOH ÁX[ PRGHO ÀWV WKH DWPRVSKHULF
PHWKDQH GDWD DV ZHOO DV VRSKLVWLFDWHG SURFHVV PRGHOV 7KH GHWHUPLQLVWLF PRGHO GHYHORSHG KHUH
H[FOXGHV D QXPEHU RI IDFWRUV WKDW FDQ DIIHFW PHWKDQH ÁX[HV VRLO FDUERQ SODQWPHGLDWHG WUDQV
SRUW DQG KHWHURJHQHLWLHV LQ PLFURELDO FRPPXQLWLHV DPRQJ PDQ\ RWKHU SURFHVVHV 7KLV TXHVWLRQ
FRXOG EH DQVZHUHG LQ WZR ZD\V
)LUVW VLPSOH SDUDPHWHUL]DWLRQV PD\ EH VXIÀFLHQW ZKHQ UHJLRQDOVFDOH ÁX[ SDWWHUQV DUH WKH SUL
PDU\ JRDO )RU H[DPSOH D V\QWKHVLV VWXG\ RI H[LVWLQJ FKDPEHU PHDVXUHPHQW VLWHV IRXQG WKDW
PHWKDQH ÁX[HV DFURVV DOO VLWHV DUH LQÁXHQFHG PRVW VWURQJO\ E\ RQO\ D IHZ HQYLURQPHQWDO YDUL
DEOHV ZDWHU WDEOH KHLJKW VRLO WHPSHUDWXUH DQG YHJHWDWLRQ W\SH 2OHIHOGW HW DO  )XUWKHU
PRUH %XELHU HW DO  DQG :DGGLQJWRQ 	 5RXOHW  DUJXH WKDW PRVW FHQWLPHWHUVFDOH ÁX[
YDULDELOLW\ XOWLPDWHO\ GHSHQGV RQ WZR SULPDU\ SDUDPHWHUV WHPSHUDWXUH DQG ZDWHU WDEOH SRVL
WLRQ 7KHVH VWXGLHV LPSO\ WKDW D VLPSOH PRGHO PD\ DGHTXDWHO\ SDUDPHWHUL]H UHJLRQDOVFDOH ÁX[
YDULDELOLW\
$ VHFRQG UHDVRQ PD\ DFFRXQW IRU WKH VLPSOLFLW\ RI WKH GHWHUPLQLVWLF PRGHO &RPSOH[ PHWKDQH
ÁX[ SURFHVVHV FDQ EH FKDOOHQJLQJ WR XSVFDOH PHDQLQJ WKDW WKH PRVW FRPSOHWH PHWKDQH PRGHO
LV QRW DOZD\V WKH PRVW DFFXUDWH DW UHJLRQDO VFDOHV 7KH VSDWLDO GLVWULEXWLRQ RI PDQ\ ÁX[UHODWHG
SURFHVVHV LV KLJKO\ XQFHUWDLQ HJ 0HOWRQ HW DO D GXH WR D SDXFLW\ RI ERWK ODQG VXUIDFH
DQG PHWKDQH ÁX[ GDWD 7KLV XQFHUWDLQW\ PHDQV WKDW PRGHOV ZLWK PDQ\ SURFHVVHV DQG SDUDPH

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)LJXUH  7RWDO PHWKDQH EXGJHWV IURP WKLV VWXG\ DQG RWKHUV IRU WKH +%/ DQG IRU &DQDGD 7KH +%/ HV
WLPDWHV OLVWHG KHUH DUH IURP '/(0 DQG IURP REVHUYDWLRQDO VWXGLHV 0HOWRQ HW DO D OLVW QXPHURXV
DGGLWLRQDO PRGHOEDVHG +%/ PHWKDQH EXGJHWV ZKLFK UDQJH IURP  ²  7J& \U− ¶(QY &DQDGD· UHIHUV
WR (QYLURQPHQW &DQDGD·V 1DWLRQDO ,QYHQWRU\ 5HSRUW >@ 7KH FRQÀGHQFH LQWHUYDOV IRU WKLV VWXG\ GR
QRW HQFRPSDVV XQFHUWDLQWLHV LQ PRGHO VHOHFWLRQ DQG WKHUHIRUH PD\ XQGHUHVWLPDWH WKH WRWDO EXGJHW XQFHU
WDLQW\

WHUV FRXOG UXQ WKH ULVN RI RYHUÀWWLQJ OLPLWHG DYDLODEOH GDWD $ SDSHU E\ =XFFKLQL  LOOXV
WUDWHV WKH KD]DUGV RI RYHUÀWWLQJ )RU H[DPSOH D QXPEHU RI SK\VLFDO SURFHVVHV OLNH HEXOOLWLRQ
SODQWPHGLDWHG WUDQVSRUW DQG PLFURELDO FRPPXQLW\ G\QDPLFV DUH DOO WKRXJKW WR SOD\ D UROH LQ
PHWKDQH HPLVVLRQV %ULGJKDP HW DO  DQG UHIHUHQFHV WKHUHLQ EXW KRZ WKHVH SURFHVVHV RU
IHDWXUHV YDU\ RQ UHJLRQDO VSDWLDO VFDOHV LV RIWHQ SRRUO\ XQGHUVWRRG
7R WKDW HQG PRGHO VHOHFWLRQ PHWKRGV OLNH WKH %,& XVHG KHUH SURYLGH D PHDQV WR GLDJQRVH
ZHDNQHVVHV LQ ÁX[ PRGHO XSVFDOLQJ IURP SORWOHYHO WR UHJLRQDO RU FRQWLQHQWDO VFDOH HJ 2OHIHOGW
HW DO  0RGHO VHOHFWLRQ PHWKRGV FKRRVH WKH VHW RI SUHGLFWRUV WKDW FDQ EHVW H[SODLQ YDULDELO
LW\ LQ DQ\ DYDLODEOH PHWKDQH GDWD ,I PRGHO VHOHFWLRQ GRHV QRW FKRRVH D JLYHQ SUHGLFWRU WKDW RXW
FRPH LPSOLHV RQH RI VHYHUDO FRQFOXVLRQV (LWKHU WKH GLVWULEXWLRQ RI WKH SUHGLFWRU GRHV QRW PDWFK
DJDLQVW WKH GLVWULEXWLRQ LPSOLHG E\ WKH PHWKDQH GDWD RU WKH DYDLODEOH PHWKDQH GDWD LV LQVXIÀ
FLHQW WR FRQVWUDLQ WKH HIIHFW RI WKDW SUHGLFWRU ,Q HLWKHU FDVH DQ\ FRQFOXVLRQV EDVHG XSRQ WKH SUH
GLFWRU ZRXOG OLNHO\ RYHUÀW WKH DYDLODEOH GDWD DW WKH H[SHQVH RI GHVFULELQJ WKH ODUJHVFDOH ÁX[
SURFHVV RI LQWHUHVW
 &RQFOXVLRQV
7KLV VWXG\ XVHV DWPRVSKHULF PHWKDQH REVHUYDWLRQV DQG JHRVWDWLVWLFDO LQYHUVH PRGHOLQJ WR XQ
GHUVWDQG 1RUWK $PHULFDQ ERUHDO PHWKDQH ÁX[HV DQG DVVRFLDWHG ELRJHRFKHPLFDO PRGHOV 7KH
FRQFOXVLRQV RI WKLV VWXG\ IDOO XQGHU WKUHH JHQHUDO WKHPHV )LUVW ZH ÀQG WKDW D VLPSOH ZHWODQG
ÁX[ PRGHO ZKHQ FRPELQHG ZLWK :5)67,/7 SURYLGHV DV JRRG DJUHHPHQW ZLWK DWPRVSKHULF
PHWKDQH REVHUYDWLRQV DV PRUH FRPSOH[ ÁX[ SURFHVV PRGHOV 7KLV UHVXOW PD\ KDYH VHYHUDO SRV
VLEOH FDXVHV HLWKHU VLPSOH PRGHOV DGHTXDWHO\ SDUDPHWHUL]H UHJLRQDOVFDOH ÁX[ SDWWHUQV RU WKH
VSDWLRWHPSRUDO GLVWULEXWLRQ RI LPSRUWDQW EXW FRPSOH[ ÁX[ SURFHVVHV LV GLIÀFXOW WR DFFXUDWHO\
PRGHO ZLWK DYDLODEOH GDWD DW WKLV JHRJUDSKLF VFDOH

6HFRQG ZH HVWLPDWH ERWK WKH VSDWLDO DQG VHDVRQDO GLVWULEXWLRQ RI PHWKDQH ÁX[HV RYHU PXFK RI
ERUHDO 1RUWK $PHULFD :H ÀQG ZHWODQG ÁX[HV WKDW DUH PRUH EURDGO\ GLVWULEXWHG WKDQ LQ H[LVWLQJ
LQYHQWRULHV HYHQ H[WHQGLQJ LQWR 0LQQHVRWD :LVFRQVLQ 0DQLWRED DQG ZHVWHUQ &DQDGD 7KLV
UHVXOW LPSOLHV WKDW H[LVWLQJ PDSV PD\ XQGHUUHSUHVHQW WKH H[WHQW RI VRLO PRLVWXUH DQGRU WKH
GLVWULEXWLRQ RI ZHWODQGV
)LQDOO\ ZH FDOFXODWH UHJLRQDO DQG &DQDGLDQ PHWKDQH EXGJHWV 2XU +%/ EXGJHW LV RQ WKH XS
SHU UDQJH RI REVHUYDWLRQDO VWXGLHV EXW WKH ORZHU UDQJH RI ELRJHRFKHPLFDO PRGHO HVWLPDWHV )LJ
 DQG 0HOWRQ HW DO D ,Q DGGLWLRQ ZH HVWLPDWH WRWDO &DQDGLDQ HPLVVLRQV WKDW H[FHHG H[
LVWLQJ LQYHQWRULHV ODUJHO\ GXH WR VRXUFHV LQ RU QHDU $OEHUWD $YDLODEOH DWPRVSKHULF GDWD LV OLP
LWHG QHDU $OEHUWD GXULQJ WKH VWXG\ SHULRG DQG WKLV ZRUN KLJKOLJKWV D QHHG IRU PRUH LQWHQVLYH
PHWKDQH PHDVXUHPHQWV RYHU WKDW UHJLRQ

7KH DELOLW\ RI DWPRVSKHULF GDWD WR UHVROYH GLVFUHSDQFLHV LQ ZHW
ODQG PHWKDQH HVWLPDWHV RYHU 1RUWK $PHULFD
7KLV FKDSWHU KDV EHHQ VXEPLWWHG IRU SXEOLFDWLRQ LQ WKH MRXUQDO %LRJHRVFLHQFHV 'LVFXVVLRQV
([LVWLQJ HVWLPDWHV RI PHWKDQH ÁX[HV IURP 1RUWK $PHULFDQ ZHWODQGV YDU\ ZLGHO\ LQ ERWK PDJQL
WXGH DQG GLVWULEXWLRQ ,Q OLJKW RI WKHVH GLVDJUHHPHQWV WKLV VWXG\ XVHV DWPRVSKHULF PHWKDQH RE
VHUYDWLRQV IURP WKH 86 DQG &DQDGD WR DQDO\]H VHYHQ GLIIHUHQW ERWWRPXS ZHWODQG PHWKDQH HVWL
PDWHV UHSRUWHG LQ D UHFHQW PRGHO FRPSDULVRQ SURMHFW :H ÀUVW XVH V\QWKHWLF GDWD WR H[SORUH KRZ
ZHOO DWPRVSKHULF REVHUYDWLRQV FDQ FRQVWUDLQ ZHWODQG ÁX[HV :H ÀQG WKDW REVHUYDWLRQ VLWHV FDQ
LGHQWLI\ DQ DWPRVSKHULF SDWWHUQ IURP &DQDGLDQ ZHWODQGV EXW QRW UHOLDEO\ IURP 86 ZHWODQGV 7KH
QHWZRUN FDQ DOVR LGHQWLI\ WKH VSDWLDO GLVWULEXWLRQ RI ÁX[HV LQ &DQDGD DW PXOWLSURYLQFH VSDWLDO
VFDOHV %DVHG XSRQ WKHVH UHVXOWV ZH WKHQ XVH UHDO GDWD WR HYDOXDWH WKH PDJQLWXGH WHPSRUDO GLV
WULEXWLRQ DQG VSDWLDO GLVWULEXWLRQ RI HDFK PRGHO HVWLPDWH 0RVW PRGHOV RYHUHVWLPDWH WKH PDJQL
WXGH RI ÁX[HV DFURVV &DQDGD 0RVW SUHGLFW D VHDVRQDOLW\ WKDW LV WRR QDUURZ SRWHQWLDOO\ LQGLFDW
LQJ DQ RYHUVHQVLWLYLW\ WR DLU RU VRLO WHPSHUDWXUHV ,Q DGGLWLRQ WKH /3-%HUQ DQG 6'*90PRG

HOV KDYH D VSDWLDO GLVWULEXWLRQ WKDW LV PRVW FRQVLVWHQW ZLWK DWPRVSKHULF REVHUYDWLRQV GHSHQG
LQJ XSRQ WKH VHDVRQ DQG UHJLRQ 8QOLNH PRVW PRGHOV /3-%HUQ DQG 6'*90 XWLOL]HV ODQG FRYHU
PDSV QRW MXVW UHPRWH VHQVLQJ LQXQGDWLRQ GDWD WR HVWLPDWH ZHWODQG FRYHUDJH $ ÁX[ PRGHO ZLWK
D FRQVWDQW VSDWLDO GLVWULEXWLRQ RXWSHUIRUPV DOO RWKHU H[LVWLQJ ÁX[ HVWLPDWHV DFURVV &DQDGD
 ,QWURGXFWLRQ
0HWKDQH ÁX[HV IURP ZHWODQGV SOD\ D FULWLFDO UROH LQ JOREDO FOLPDWH FKDQJH 0HWKDQH LV WKH VHFRQG
PRVW LPSRUWDQW ORQJOLYHG JUHHQKRXVH JDV WKH UDGLDWLYH IRUFLQJ RI WKH FXUUHQW DWPRVSKHULF EXU
GHQ LV DSSUR[LPDWHO\  RI FDUERQ GLR[LGH :HWODQGV DUH SRVVLEO\ WKH ODUJHVW VLQJOH VRXUFH RI
WKLV JDV WR WKH DWPRVSKHUH DQG DFFRXQW IRU URXJKO\  RI JOREDO HPLVVLRQV &LDLV HW DO 
'HVSLWH WKH LPSRUWDQW UROH RI ZHWODQG PHWKDQH ÁX[HV LQ FOLPDWH FKDQJH H[LVWLQJ HVWLPDWHV RI
WKLV VRXUFH GLVDJUHH PDUNHGO\ RQ WKH PDJQLWXGH VHDVRQDOLW\ DQG VSDWLDO GLVWULEXWLRQ RI ÁX[HV
IURP UHJLRQDO WR JOREDO VFDOHV ,Q IDFW D UHFHQW JOREDO PRGHO FRPSDULVRQ SURMHFW QDPHG :(7&+,03
:HWODQG DQG :HWODQG &+ ,QWHUFRPSDULVRQ RI 0RGHOV 3URMHFW IRXQG ODUJH GLVFUHSDQFLHV DPRQJ
H[LVWLQJ PHWKDQH ZHWODQG PRGHOV )LJ  0HOWRQ HW DO D :DQLD HW DO  )RU H[DP
SOH H[LVWLQJ HVWLPDWHV RI PD[LPXP JOREDO ZHWODQG FRYHUDJH GLIIHU E\ RYHU D IDFWRU RI  ² IURP
 × WR  × NP )XUWKHUPRUH HVWLPDWHV RI JOREDO QDWXUDO ZHWODQG ÁX[HV UDQJH IURP
² 7J &+ \U− 7KH UHODWLYH PDJQLWXGH RI WKHVH XQFHUWDLQWLHV LQFUHDVHV DW VXEJOREDO VSD
WLDO VFDOHV $V D FDVH LQ SRLQW PHWKDQH HVWLPDWHV IRU &DQDGD·V +XGVRQ %D\ /RZODQGV +%/
UDQJH IURP  WR  7J &+ \U− 7KHVH GLVDJUHHPHQWV LQ FXUUHQW PHWKDQH HVWLPDWHV GR QRW
ERGH ZHOO IRU VFLHQWLVWV· DELOLWLHV WR DFFXUDWHO\ SUHGLFW IXWXUH FKDQJHV LQ ZHWODQG ÁX[HV GXH WR
FOLPDWH FKDQJH 0HOWRQ HW DO D $ QXPEHU RI VWXGLHV KDYH XVHG FKDPEHU PHDVXUHPHQWV
RI PHWKDQH WR SDUDPHWHUL]H RU HYDOXDWH ELRJHRFKHPLFDO PHWKDQH PRGHOV HJ /LYLQJVWRQ 	
+XWFKLQVRQ  +RZHYHU WKHVH PHDVXUHPHQWV XVXDOO\ HQFRPSDVV ÁX[HV IURP D YHU\ VPDOO

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)LJXUH  0HDQ RI WKH DQQXDO PHWKDQH ÁX[HV HVWLPDWHG E\ WKH :(7&+,03 PRGHOV D DQG WKH UDQJH RI
ÁX[HV HVWLPDWHG E\ WKH HQVHPEOH E 1RWH WKDW WKH UDQJH LQ HVWLPDWHV LV ODUJHU WKDQ WKH PHDQ 7KH ÁX[HV
VKRZQ DERYH DUH DYHUDJHG RYHU DQ HQWLUH JULG FHOO QRW SHU P RI ZHWODQGV
VSDWLDO VFDOH DQG ÁX[HV FDQ YDU\ E\ DQ RUGHU RI PDJQLWXGH RYHU RQH PHWHU RU OHVV :DGGLQJWRQ
	 5RXOHW  +HQGULNV HW DO  0HWKDQH GDWD FROOHFWHG LQ WKH DWPRVSKHUH E\ FRQWUDVW
VHHV WKH FXPXODWLYH HIIHFW RI PHWKDQH ÁX[HV DFURVV D PXFK EURDGHU UHJLRQ HJ .RUW HW DO 
3LFNHWW+HDSV HW DO  0LOOHU HW DO F +HQFH DWPRVSKHULF GDWD FDQ SURYLGH DQ LPSRUWDQW
WRRO IRU HYDOXDWLQJ H[LVWLQJ PHWKDQH ÁX[ HVWLPDWHV DFURVV GLIIHUHQW FRXQWULHV RU FRQWLQHQWV
7KH SUHVHQW VWXG\ FRPSDUHV WKH :(7&+,03 PHWKDQH ÁX[ HVWLPDWHV DJDLQVW DWPRVSKHULF
PHWKDQH GDWD IURP ² WKURXJK WZR VHWV RI DQDO\VHV )LUVW ZH FRQVWUXFW SURJUHVVLYHO\
GHPDQGLQJ V\QWKHWLF GDWD H[SHULPHQWV WR H[SORUH KRZ ZHOO DYDLODEOH GDWD FDQ FRQVWUDLQ ZHW
ODQG ÁX[HV &DQ WKH DWPRVSKHULF GDWD LGHQWLI\ PHWKDQH SDWWHUQV IURP ZHWODQGV RYHU GLVWUDFWLQJ
SDWWHUQV LQ WKH DWPRVSKHUH" 7KHVH SDWWHUQV LQFOXGH PHWKDQH IURP DQWKURSRJHQLF VRXUFHV RU UDQ
GRP QRLVH GXH WR PRGHO DQG PHDVXUHPHQW HUURUV ,I \HV FDQ WKH REVHUYDWLRQ VLWHV GHWHFW VSDWLDO
YDULDELOLW\ LQ WKH ZHWODQG ÁX[HV" :H VHHN WR XQGHUVWDQG ZKHWKHU ODUJH XQFHUWDLQWLHV LQ ZHWODQG
PHWKDQH HVWLPDWHV SRLQW WR D SDXFLW\ RI PHWKDQH GDWD ² GDWD FDSDEOH RI FDOLEUDWLQJ RU HYDOXDW
LQJ WKH PRGHOV ,Q WKH DOWHUQDWLYH SHUKDSV WKHVH GLVDJUHHPHQWV ZRXOG EH PXFK VPDOOHU LI H[LVW
LQJ ELRJHRFKHPLFDO PRGHOV OHYHUDJHG DOO DYDLODEOH GDWD 7R DQVZHU WKHVH TXHVWLRQV ZH XWLOL]H D
PRGHOLQJ DSSURDFK EDVHG XSRQ WKH %D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ %,& GHVFULEHG LQ JUHDWHU

GHWDLO LQ 6HFW  6KLJD HW DO  )DQJ HW DO 
%DVHG RQ WKH V\QWKHWLF H[SHULPHQWV ZH FRQGXFW D VHFRQG VHW RI DQDO\VHV XVLQJ UHDO DWPR
VSKHULF GDWD :H XVH WKLV GDWD WR HYDOXDWH WKH PDJQLWXGH VHDVRQDO F\FOH DQG VSDWLDO GLVWULEXWLRQ
RI HDFK :(7&+,03 PHWKDQH HVWLPDWH 2I WKH VHYHQ DYDLODEOH PRGHOV ZKLFK KDYH D PDJQLWXGH
VHDVRQDO F\FOH RU VSDWLDO GLVWULEXWLRQ WKDW LV PRVW FRQVLVWHQW ZLWK WKH DYDLODEOH GDWD" :H LQYHVWL
JDWH WKLV TXHVWLRQ RYHU WKH 8QLWHG 6WDWHV DQG &DQDGD XVLQJ PHWKDQH GDWD FROOHFWHG IURP WRZHUV
DQG UHJXODU DLUFUDIW ÁLJKWV RSHUDWHG E\ 12$$ DQG LWV SDUWQHUV DQG IURP WRZHUV RSHUDWHG E\ (Q
YLURQPHQW &DQDGD
 0HWKRGV
7KLV VHFWLRQ ÀUVW GHVFULEHV WKH DWPRVSKHULF PHWKDQH GDWD DQG WKH DWPRVSKHULF PRGHO WKDW DOORZV
GLUHFW FRPSDULVRQ EHWZHHQ WKH GDWD DQG YDULRXV ÁX[ HVWLPDWHV 6XEVHTXHQW VHFWLRQV GHVFULEH
KRZ ZH XVH WKHVH WRROV WR FRQVWUXFW ERWK WKH V\QWKHWLF DQG UHDO GDWD H[SHULPHQWV RXWOLQHG LQ WKH
LQWURGXFWLRQ 6HFW 
 'DWD DQG DWPRVSKHULF PRGHO
7KH SUHVHQW VWXG\ XWLOL]HV DWPRVSKHULF PHWKDQH REVHUYDWLRQV DW (QYLURQPHQW &DQDGD DQG 12$$
REVHUYDWLRQ VLWHV )LJ  7KHVH LQFOXGH UHJXODU PHDVXUHPHQWV IURP WRZHU DQG DLUFUDIW SODW
IRUPV D WRWDO RI  REVHUYDWLRQV IURP  7KH REVHUYDWLRQV XVHG KHUH DUH LGHQWLFDO WR
WKRVH LQ 0LOOHU HW DO  DQG 0LOOHU HW DO F
:H WKHQ HPSOR\ DQ DWPRVSKHULF WUDQVSRUW PRGHO WR UHODWH PHWKDQH ÁX[HV DW WKH (DUWK·V VXU
IDFH WR DWPRVSKHULF FRQFHQWUDWLRQV DW WKH REVHUYDWLRQ VLWHV 7KH PRGHOLQJ DSSURDFK KHUH FRP
ELQHV WKH :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ :5) PHWHRURORJLFDO PRGHO DQG D SDUWLFOHIROORZLQJ
PRGHO NQRZQ DV 67,/7 WKH 6WRFKDVWLF 7LPH,QYHUWHG /DJUDQJLDQ 7UDQVSRUW PRGHO HJ /LQ

ï ï ï ï




Tower
Regular air
67$57
Data and regions used in the BIC experiments
)LJXUH  7KH 12$$ DQG (QYLURQPHQW &DQDGD DWPRVSKHULF PHWKDQH REVHUYDWLRQ QHWZRUN IRU ²
  WRWDO REVHUYDWLRQV 6PDOO \HOORZ GRWV LQGLFDWH REVHUYDWLRQV IURP WKH 67$57 PHDVXUHPHQW
FDPSDLJQ 3DQ HW DO  /DUJHU GRWV LQGLFDWH WRZHU DQG DLUFUDIW VLWHV ZLWK UHJXODU REVHUYDWLRQV RYHU
WKH WZR \HDU SHULRG $QGUHZV HW DO  7KH JUH\ EDFNJURXQG GHOLQHDWHV WKH IRXU UHJLRQV XVHG LQ WKH
V\QWKHWLF H[SHULPHQWV VHFW 
HW DO  1HKUNRUQ HW DO  +HJDUW\ HW DO  :5)67,/7 JHQHUDWHV D VHW RI IRRWSULQWV
WKHVH IRRWSULQWV TXDQWLWDWLYHO\ HVWLPDWH WKH VHQVLWLYLW\ RI HDFK REVHUYDWLRQ WR ÁX[HV DW HDFK VXU
IDFH ORFDWLRQ ZLWK XQLWV RI SSE SHU XQLW VXUIDFH ÁX[ :H PXOWLSO\ WKH IRRWSULQWV E\ D ÁX[ PRGHO
DQG DGG WKLV SURGXFW WR DQ HVWLPDWH RI WKH ¶EDFNJURXQG· FRQFHQWUDWLRQ ² WKH PHWKDQH FRQFHQ
WUDWLRQ RI DLU HQWHULQJ WKH 1RUWK $PHULFDQ UHJLRQDO GRPDLQ 7KH UHVXOWLQJ PRGHOHG FRQFHQWUD
WLRQV FDQ EH FRPSDUHG GLUHFWO\ DJDLQVW DWPRVSKHULF PHWKDQH REVHUYDWLRQV 7KLV PRGHOLQJ VHWXS
LV LGHQWLFDO WR 0LOOHU HW DO  DQG 0LOOHU HW DO F %RWK WKH REVHUYDWLRQV DQG WKH :5)
67,/7 PRGHO DUH GHVFULEHG LQ JUHDWHU GHWDLO LQ WKRVH SDSHUV DQG LQ WKH VXSSOHPHQW
8VLQJ WKLV VHWXS ZH FDQ FRPSDUH SUHGLFWHG PHWKDQH FRQFHQWUDWLRQV XVLQJ WKH :(7&+,03
ÁX[ HVWLPDWHV )LJ  DJDLQVW REVHUYHG DWPRVSKHULF FRQFHQWUDWLRQV 2I WKH :(7&+,03 PRG
HOV VHYHQ SURYLGH D ÁX[ HVWLPDWH IRU ERUHDO 1RUWK $PHULFD DQG VL[ SURYLGH DQ HVWLPDWH IRU WHP
SHUDWH 1RUWK $PHULFD 7KHVH PRGHOV LQFOXGH &/00H 5LOH\ HW DO  '/(0 7LDQ HW DO
 /3-%HUQ 6SDKQL HW DO  /3-:+\0H :DQLD HW DO  /3-:6/ +RGVRQ HW DO

 25&+,'(( 5LQJHYDO HW DO  DQG 6'*90 6LQJDUD\HU HW DO  $OO PRGHO RXW
SXWV KDYH D WHPSRUDO UHVROXWLRQ RI RQH PRQWK 7KHVH PRGHOV DUH GHVFULEHG LQ 0HOWRQ HW DO D
:DQLD HW DO  DQG WKH 6XSSOHPHQW
 0RGHO VHOHFWLRQ IUDPHZRUN
7KLV VWXG\ HPSOR\V WZR V\QWKHWLF GDWD H[SHULPHQWV WR H[SORUH WKH VHQVLWLYLW\ RI DWPRVSKHULF RE
VHUYDWLRQV WR ZHWODQG ÁX[HV FDQ WKH REVHUYDWLRQV GHWHFW DQ DWPRVSKHULF SDWWHUQ IURP ZHWODQGV
ÁX[HV RYHU GLVWUDFWLQJ SDWWHUQV IURP DQWKURSRJHQLF HPLWWHUV" ,I \HV FDQ WKH REVHUYDWLRQV GHWHFW
VSDWLDO YDULDELOLW\ LQ ZHWODQG ÁX[HV IURP GLIIHUHQW UHJLRQV" :H EXLOG D PRGHOLQJ DSSURDFK EDVHG
XSRQ WKH %,& WR DQVZHU WKHVH TXHVWLRQV
7KH %,& LV D PRGHO VHOHFWLRQ WHFKQLTXH DQG YDULRXV IRUPV RI WKH %,& DUH XVHG ZLGHO\ LQ VWD
WLVWLFDO UHJUHVVLRQ DQDO\VLV HJ 6FKZDU]  5DPVH\ 	 6FKDIHU  ,W VFRUHV DOO SRVVLEOH
FRPELQDWLRQV RI H[SODQDWRU\ YDULDEOHV EDVHG RQ PRGHOGDWD ÀW DQG LW SHQDOL]HV FRPELQDWLRQV
WKDW KDYH D JUHDWHU QXPEHU RI YDULDEOHV 7KH EHVW FRPELQDWLRQ RU FDQGLGDWH PRGHO KDV WKH ORZHVW
%,& VFRUH
:H XVH D IRUP RI WKH %,& WKDW KDV EHHQ DGDSWHG IRU XVH ZLWKLQ D JHRVWDWLVWLFDO LQYHUVH PRGHO
LQJ IUDPHZRUN HJ *RXUGML HW DO  0LOOHU HW DO F 7KH LPSOHPHQWDWLRQ KHUH SDUDOOHOV
WKDW RI )DQJ HW DO  DQG 6KLJD HW DO 
%,& = OQ |ԇ|+ (]−+;շ)7ԇ−(]−+;շ)︸ ︷︷ ︸
QHJDWLYH ORJ−OLNHOLKRRG
+ S OQ(Q)︸ ︷︷ ︸
SHQDOW\ WHUP

7KH ÀUVW WHUP LQ (T  LV WKH QHJDWLYH ORJOLNHOLKRRG D PHDVXUH RI KRZ ZHOO WKH PRGHO ÀWV WKH
GDWD ,Q WKDW WHUP ] Q ×  UHSUHVHQWV WKH REVHUYDWLRQV PLQXV EDFNJURXQG FRQFHQWUDWLRQV +
Q × P WKH IRRWSULQWV ; P × S D PDWUL[ RI S H[SODQDWRU\ YDULDEOHV շ S ×  D VHW RI FRHIÀFLHQWV
DVVLJQHG WR WKRVH YDULDEOHV DQGԇ Q × Q D FRYDULDQFH PDWUL[ GHULYHG IURP DQ DWPRVSKHULF LQ

YHUVLRQ IUDPHZRUN 7KH GDWD ] IRRWSULQWV + DQG SDUDPHWHUV WKDW GHÀQH WKH FRYDULDQFH PD
WUL[ ԇ DUH WDNHQ IURP 0LOOHU HW DO  DQG 0LOOHU HW DO F UHIHU WR WKH 6XSSOHPHQW 7KH
VHFRQG WHUP LQ (T  SHQDOL]HV WKH %,& VFRUH RI D SDUWLFXODU PRGHO EDVHG XSRQ WKH QXPEHU RI
H[SODQDWRU\ YDULDEOHV S
:H HPSOR\ WKLV PRGHO VHOHFWLRQ IUDPHZRUN WR XQGHUVWDQG ZKLFK H[SODQDWRU\ YDULDEOHV IURP
DQ DQWKURSRJHQLF HPLVVLRQV LQYHQWRU\ DQG IURP WKH :(7&+,03 HQVHPEOH DUH UHTXLUHG WR GH
VFULEH HLWKHU V\QWKHWLF RU UHDO PHWKDQH GDWD DW 1RUWK $PHULFDQ REVHUYDWLRQ VLWHV
 6\QWKHWLF GDWD H[SHULPHQWV
7KH H[SHULPHQWV GHVFULEHG LQ WKLV VHFWLRQ XVH V\QWKHWLF GDWD JHQHUDWHG DW HDFK RI WKH REVHUYDWLRQ
VLWHV :H XVH DQWKURSRJHQLF HPLVVLRQV HVWLPDWHV IRU WKH 86 DQG &DQDGD IURP 0LOOHU HW DO 
DQG 0LOOHU HW DO F UHVSHFWLYHO\ DQG XVH RQH RI WKH :(7&+,03 PRGHOV DV WKH ZHWODQG ÁX[
HVWLPDWH :H WKHQ PXOWLSO\ WKHVH ÁX[HV E\ + WR FUHDWH WKH V\QWKHWLF GDWD DW WKH PHDVXUHPHQW
ORFDWLRQV :H IXUWKHU DGG LQ UDQGRPO\JHQHUDWHG HUURU ² HUURU WKDW UHSUHVHQWV XQFHUWDLQWLHV LQ
WKH ÁX[HV WKH PHDVXUHPHQWV DQG WKH DWPRVSKHULF WUDQVSRUW PRGHO DPRQJ RWKHU HUURU VRXUFHV
7KHVH HUURUV DUH HVWLPDWHG E\ 0LOOHU HW DO  DQG 0LOOHU HW DO F DQG DUH GHVFULEHG LQ WKH
6XSSOHPHQW
7KH V\QWKHWLF H[SHULPHQWV DVN SURJUHVVLYHO\ GHPDQGLQJ TXHVWLRQV WKDW WHVW WKH OLPLWV RI DYDLO
DEOH GDWD ,Q H[SHULPHQW RQH ZH H[DPLQH ZKHWKHU PHWKDQH REVHUYDWLRQV LQ GLIIHUHQW UHJLRQV
RI 1RUWK $PHULFD FDQ GHWHFW PHWKDQH SDWWHUQV LQ WKH DWPRVSKHUH GXH WR ZHWODQG ÁX[HV :KHQ
JLYHQ PXOWLSOH SRVVLEOH H[SODQDWRU\ YDULDEOHV LQFOXGLQJ GDWD IURP WKH ('*$5 DQWKURSRJHQLF
HPLVVLRQV LQYHQWRU\ ZLOO WKH PRGHO VHOHFWLRQ IUDPHZRUN FKRRVH D ZHWODQG HVWLPDWH" ,I \HV
WKH REVHUYDWLRQV FDQ LGHQWLI\ D SDWWHUQ LQ DWPRVSKHULF PHWKDQH GXH WR ZHWODQG ÁX[HV DQG WKDW
SDWWHUQ LV ODUJH HQRXJK WR EH YLVLEOH RYHU RWKHU VLJQDOV LQ WKH DWPRVSKHUH ,I QRW WKHQ HLWKHU
WKH FRQWULEXWLRQ RI ZHWODQGV DW WKDW VLWH LV VPDOO RU WKH REVHUYDWLRQV FDQQRW GLIIHUHQWLDWH DWPR

VSKHULF SDWWHUQV GXH WR ZHWODQGV RYHU RWKHU DWPRVSKHULF SDWWHUQV GXH WR DQWKURSRJHQLF VRXUFHV
RU PRGHOPHDVXUHPHQW HUURUV 7KLV VHWXS IROORZV 6KLJD HW DO  ZKR H[SORUHG WKH GHWHFWDELO
LW\ RI DWPRVSKHULF SDWWHUQV IURP DQWKURSRJHQLF &2 HPLVVLRQV
)RU WKLV WHVW ZH JHQHUDWH WKH V\QWKHWLF GDWD XVLQJ RQH RI WKH :(7&+,03 PRGHOV :H WKHQ
DOORZ WKH PRGHO VHOHFWLRQ IUDPHZRUN WR VHOHFW ZHWODQG ÁX[HV DQGRU WKH ('*$5 GDWD XVHG
WR JHQHUDWH WKH V\QWKHWLF ÁX[HV :H GLYLGH WKH ZHWODQG ÁX[HV LQWR IRXU UHJLRQV )LJ  DQG
IRXU VHDVRQV ZLQWHU VSULQJ VXPPHU IDOO 7KH PRGHO VHOHFWLRQ FDQ FKRRVH QRQH VRPH RU DOO
RI WKHVH VL[WHHQ ZHWODQG YDULDEOHV :H UXQ WKLV H[SHULPHQW  WLPHV JHQHUDWLQJ QHZ V\QWKHWLF
GDWD HDFK WLPH DQG FDOFXODWH WKH SHUFHQWDJH RI DOO WULDOV LQ ZKLFK WKH PRGHO VHOHFWLRQ FKRRVHV D
ZHWODQG PRGHO ,Q WKLV H[SHULPHQW WKH FRHIÀFLHQWV շ DUH À[HG WR RQH 1RWH WKDW VHYHUDO RI WKH
:(7&+,03 PRGHOV RYHUHVWLPDWH WKH PDJQLWXGH RI ÁX[HV 6HFW  VR ZH RQO\ XVH PRGHOV
ZLWK D VPDOOHU PDJQLWXGH WR JHQHUDWH WKH V\QWKHWLF GDWD LQ WKLV H[SHULPHQW &/00H '/(0
6'*90 DQG /3-:6/
,Q H[SHULPHQW WZR ZH LQYHVWLJDWH ZKHWKHU WKH REVHUYDWLRQ QHWZRUN LV VHQVLWLYH WR VSDWLDO YDUL
DELOLW\ LQ WKH ZHWODQG ÁX[HV LQGHSHQGHQW RI PDJQLWXGH RU VHDVRQDOLW\ ,Q WKLV VHWXS ZH GR QRW
À[ WKH FRHIÀFLHQWV շ EXW UDWKHU HVWLPDWH FRHIÀFLHQWV WKDW PLQLPL]H WKH ORJOLNHOLKRRG LQ (T 
:H DOVR LQFOXGH D VSDWLDO FRQVWDQW RU LQWHUFHSW WHUP LQ ; WKDW FDQ FKDQJH E\ PRQWK $V D UHVXOW
RI WKLV VHWXS WKH PDJQLWXGH DQG VHDVRQDOLW\ RI WKH LQWHUFHSW FDQ EH DGMXVWHG WR PDWFK WKH GDWD
EXW DQ\ VSDWLDO YDULDELOLW\ LQ WKH ÁX[HV FDQ RQO\ FRPH IURP WKH ZHWODQG PRGHO $V LQ H[SHUL
PHQW RQH WKH PRGHO VHOHFWLRQ IUDPHZRUN FDQ FKRRVH DPRQJ  ZHWODQG YDULDEOHV ² YDULDEOHV
WKDW UHSUHVHQW GLIIHUHQW UHJLRQV DQG VHDVRQV ,I PRGHO VHOHFWLRQ FKRRVHV D ZHWODQG YDULDEOH WKHQ
WKH VSDWLDO GLVWULEXWLRQ LQ WKDW YDULDEOH LV QHFHVVDU\ WR UHSURGXFH WKH V\QWKHWLF GDWD ,I QRW WKHQ
WKH REVHUYDWLRQV DUH QRW VHQVLWLYH WR VSDWLDO YDULDELOLW\ LQ ZHWODQG ÁX[HV IRU WKDW UHJLRQVHDVRQ
7KLV DSSURDFK IROORZV WKDW RI )DQJ HW DO  ZKR HPSOR\HG D PRGHO VHOHFWLRQ IUDPHZRUN WR
HYDOXDWH WKH VSDWLDO GLVWULEXWLRQ RI ELRVSKHULF &2 ÁX[ PRGHOV

 5HDO GDWD H[SHULPHQWV
,I H[SHULPHQW WZR LV VXFFHVVIXO RQ V\QWKHWLF GDWD ZH WKHQ DSSO\ WKH H[SHULPHQW WR UHDO GDWD :H
XVH WKH PRGHO VHOHFWLRQ IUDPHZRUN WR GHWHUPLQH ZKLFK LI DQ\ ERWWRPXS PRGHOV KDYH D VSDWLDO
GLVWULEXWLRQ WKDW FDQ GHVFULEH WKH PHWKDQH REVHUYDWLRQV PRUH HIIHFWLYHO\ WKDQ D VSDWLDO FRQVWDQW
:H DOVR LQFOXGH D QXPEHU RI PRGHOGDWD WLPH VHULHV WR HYDOXDWH ERWK WKH PDJQLWXGH DQG VHD
VRQDOLW\ RI WKH ÁX[HV :H PRGHO PHWKDQH FRQFHQWUDWLRQV DW D QXPEHU RI 86 DQG &DQDGLDQ RE
VHUYDWLRQ VLWHV XVLQJ :5)67,/7 :(7&+,03 DQG ('*$5 Y)7 2OLYLHU 	 -DQVVHQV
0DHQKRXW  (XURSHDQ &RPPLVVLRQ -RLQW 5HVHDUFK &HQWUH -5&1HWKHUODQGV (QYLURQ
PHQWDO $VVHVVPHQW $JHQF\ 3%/  :H DYHUDJH WKH REVHUYDWLRQV DQG PRGHO RXWSXW DW WKH
PRQWKO\ VFDOH DQG WKHQ FRPSDUH WKH PDJQLWXGH RI WKHVH PRGHO HVWLPDWHV IRU HDFK PRQWK DJDLQVW
WKH DYHUDJHG REVHUYDWLRQV
6HYHUDO VWXGLHV LQGLFDWH WKDW ('*$5 PD\ XQGHUHVWLPDWH HPLVVLRQV LQ FHUWDLQ UHJLRQV RI WKH
86 DQG &DQDGD HJ .RUW HW DO  0LOOHU HW DO  F :HFKW HW DO  7KHUHIRUH ZH
VFDOH WKH PDJQLWXGH RI ('*$5 Y)7 WR PDWFK ZLQWHUWLPH REVHUYDWLRQV 1RYHPEHU²$SULO
DW HDFK VLWH XVLQJ D VWDQGDUG PDMRU D[LV 60$ UHJUHVVLRQ 'XULQJ WKRVH PRQWKV ÁX[HV IURP
ZHWODQGV DUH VPDOO DQG DQ\ PRGHO ELDVHV DUH OLNHO\ GXH WR DQWKURSRJHQLF HPLVVLRQV :H WKHQ
DSSO\ WKLV VFDOLQJ IDFWRU HVWLPDWHG IRU HDFK VLWH IURP ZLQWHU GDWD WR DQWKURSRJHQLF HPLVVLRQV
LQ DOO VHDVRQV 0LOOHU HW DO  IRXQG WKDW DQWKURSRJHQLF HPLVVLRQV LQ WKH 86 ODFN VLJQLÀFDQW
VHDVRQDOLW\ VR WKH ZLQWHUWLPH VFDOLQJ IDFWRUV VKRXOG EH DSSOLFDEOH WR RWKHU VHDVRQV
:H IXUWKHU FRPSDUH WKH VHDVRQDOLW\ RI H[LVWLQJ ERWWRPXS PRGHOV DJDLQVW WKH VHDVRQDOLW\ RI D
UHFHQW LQYHUVH PRGHOLQJ HVWLPDWH E\ 0LOOHU HW DO F :H SORW WKH PRQWKO\ PHWKDQH EXGJHW
DV D IUDFWLRQ RI WKH DQQXDO WRWDO IRU ERWK WKH ERWWRPXS PRGHOV DQG WKH LQYHUVLRQ HVWLPDWH :H
RQO\ FRQGXFW WKLV DQDO\VLV IRU ZHWODQG ÁX[ UHJLRQV WKDW DUH YLVLEOH WR WKH REVHUYDWLRQ QHWZRUN
V\QWKHWLF H[SHULPHQWV RQH DQG WZR

1RWH WKDW LQWHUDQQXDO YDULDELOLW\ LQ H[LVWLQJ PHWKDQH ÁX[ PRGHOV LV VPDOO UHODWLYH WR WKH GLI
IHUHQFHV DPRQJ WKHVH PRGHOV DV D UHVXOW FRQFOXVLRQV IURP WKH \HDU VWXG\ SHULRG ²
OLNHO\ KROG IRU RWKHU \HDUV )RU H[DPSOH WKH LQWHUDQQXDO YDULDELOLW\ LQ WKH WRWDO 86&DQDGLDQ
EXGJHW LV ±. − .% VWDQGDUG GHYLDWLRQ GHSHQGLQJ XSRQ WKH PRGHO LQ TXHVWLRQ 1RWH WKDW
/3-%HUQ KDV HYHQ ODUJHU LQWHUDQQXDO YDULDWLRQ GXH WR DQ LVVXH ZLWK PRGHO VSLQXS :DQLD HW DO

 5HVXOWV DQG GLVFXVVLRQ V\QWKHWLF H[SHULPHQWV
7KH V\QWKHWLF H[SHULPHQWV SUHVHQWHG KHUH H[SORUH WKH OLPLWV RI H[LVWLQJ DWPRVSKHULF GDWD IRU FRQ
VWUDLQLQJ ZHWODQG ÁX[HV :H ÀUVW OHYHUDJH V\QWKHWLF GDWD WR H[DPLQH ZKHWKHU WKH DWPRVSKHULF
REVHUYDWLRQ VLWHV FDQ GLVWLQJXLVK DQ DWPRVSKHULF SDWWHUQ IURP ZHWODQG ÁX[HV DERYH RWKHU SDW
WHUQV GXH DQWKURSRJHQLF HPLVVLRQV RU VLPXODWHG PRGHO PHDVXUHPHQW DQG HPLVVLRQV XQFHUWDLQ
WLHV ,I DWPRVSKHULF REVHUYDWLRQV DUH WR FRQVWUDLQ ZHWODQG PHWKDQH ÁX[HV WKRVH REVHUYDWLRQV
PXVW DW PLQLPXP LGHQWLI\ DQ DWPRVSKHULF SDWWHUQ IURP ZHWODQG ÁX[HV IURP RWKHU GLVWUDFWLQJ
SDWWHUQV LQ WKH PRGHO DQGRU GDWD
7KH UHVXOWV RI WKLV H[SHULPHQW DUH VXPPDUL]HG LQ )LJ D 7KH IRXU FROXPQV LQ )LJ D GLV
SOD\ WKH UHVXOWV IURP DQ LQGLYLGXDO VHDVRQ LQ HDFK RI IRXU JHRJUDSKLF UHJLRQV ,Q WKLV H[SHULPHQW
WKH REVHUYDWLRQ QHWZRUN FDQ GHWHFW D VXPPHUWLPH PHWKDQH SDWWHUQ IURP ZHWODQGV LQ ERWK (DVW
HUQ DQG :HVWHUQ &DQDGD LQ JUHDWHU WKDQ  RI DOO WULDOV ,Q WKH HDVWHUQ 86 WKH PRGHO VHOHFWLRQ
IUDPHZRUN FKRRVHV D ZHWODQG PRGHO LQ ² RI DOO WULDOV LQ PXOWLSOH GLIIHUHQW VHDVRQV %\ FRQ
WUDVW WKH REVHUYDWLRQV DUH OHDVW VHQVLWLYH WR ZHWODQG ÁX[HV LQ WKH ZHVWHUQ 86 DQG WKH PRGHO VH
OHFWLRQ IUDPHZRUN FKRRVHV ZHWODQG ÁX[HV IURP WKDW UHJLRQ LQ OHVV WKDQ  RI DOO WULDOV LUUHVSHF
WLYH RI WKH VHDVRQ 7KLV UHVXOW PD\ EH GXH LQ SDUW WR WKH UHODWLYHO\ GU\ FOLPDWH DQG VFDQW ZHW
ODQGV LQ PXFK RI WKH ZHVW 7KH PHWKDQH VLJQDO IURP UHVRXUFH H[WUDFWLRQ DQGRU DJULFXOWXUH PD\

Eastern Canada
Western Canada
Eastern US
Western US
Data used in 
experiment:
Dec. - Feb.
Mar. - May 
Jun. - Aug.
Sep. - Nov.
Dec. - Feb.
Mar. - May 
Jun. - Aug.
Sep. - Nov.
75 - 100%
50 - 75%
25 - 50%
0   - 25%
a) Experiment 1       b) Experiment 2
Success rate:
)LJXUH  7KLV ÀJXUH GLVSOD\V WKH UHVXOWV RI WKH V\QWKHWLF GDWD H[SHULPHQWV 7KHVH H[SHULPHQWV H[DPLQH
ZKHWKHU WKH REVHUYDWLRQ QHWZRUN FDQ D LGHQWLI\ D PHWKDQH SDWWHUQ IURP ZHWODQG ÁX[HV DQG E LGHQ
WLI\ VSDWLDO YDULDELOLW\ LQ WKH ZHWODQG ÁX[HV 7KH ÀJXUH VKRZV WKH SHUFHQWDJH RI WULDOV WKDW DUH VXFFHVVIXO
'DUNHU VKDGHV LQGLFDWH WKDW WKH QHWZRUN LV PRUH VHQVLWLYH WR ÁX[HV LQ WKH JLYHQ UHJLRQ DQG VHDVRQ
DOVR RYHUVKDGRZ DQ\ SDWWHUQV IURP ZHWODQGV
7KH UHVXOWV DOVR FRQWDLQ D QXPEHU RI VHDVRQDO WUHQGV 2I DQ\ UHJLRQ WKH REVHUYDWLRQ QHWZRUN
LV EHVW DEOH WR FRQVWUDLQ WKH VHDVRQDO F\FOH LQ HDVWHUQ &DQDGD 7KH ODUJHVW ZHWODQG ÁX[HV HVWL
PDWHG IRU WKH 86 DQG &DQDGD DUH LQ 2QWDULR DQG 4XHEHF ,W LV WKHUHIRUH XQVXUSULVLQJ WKDW WKH
QHWZRUN LV VR VHQVLWLYH WR ÁX[HV IURP WKLV UHJLRQ HYHQ WKRXJK WKHUH DUH UHODWLYHO\ IHZ REVHUYD
WLRQ VLWHV ZLWKLQ WKH UHJLRQ ,Q RWKHU UHJLRQV WKH REVHUYDWLRQ QHWZRUN LV OHVV VHQVLWLYH WR ZHW
ODQGV GXULQJ WKH ZLQWHU IDOO DQG VSULQJ VHDVRQV )RU H[DPSOH WKH PRGHO VHOHFWLRQ IUDPHZRUN
FKRRVHV D ZHWODQG PRGHO LQ OHVV WKDQ  RI DOO WULDOV GXULQJ WKH ZLQWHU LQ DOO UHJLRQV
7KH GHQVLW\ RI WKH REVHUYDWLRQ QHWZRUN PD\ DOVR SOD\ D UROH LQ WKHVH UHVXOWV :HWODQGV LQ WKH
(DVWHUQ 86 DUH VSDUVH UHODWLYH WR &DQDGD EXW WKH KLJKHU GHQVLW\ RI REVHUYDWLRQV LQ WKH (DVWHUQ
86 PD\ FRQWULEXWH WR D UHODWLYHO\ KLJK VXFFHVV UDWH IRU WKDW UHJLRQ $ UHFHQW REVHUYDWLRQ QHWZRUN
H[SDQVLRQ FRXOG SOD\ D NH\ UROH LQ IXWXUH HIIRUWV WR FRQVWUDLQ ZHWODQG ÁX[HV DFURVV WKHVH UHJLRQV

(QYLURQPHQW &DQDGD KDV UHFHQWO\ EHHQ H[SDQGLQJ WKHLU REVHUYDWLRQ QHWZRUN DFURVV ZHVWHUQ DQG
$UFWLF &DQDGD LH 6DVNDWFKHZDQ $OEHUWD 1RUWKZHVW 7HUULWRULHV DQG 1XQDYXW ,Q DGGLWLRQ
(DUWK 1HWZRUNV KDV EHJXQ WR LQVWDOO QHZ REVHUYDWLRQ VLWHV DFURVV WKH HDVWHUQ 86 LQ D SULYDWHO\
IXQGHG LQLWLDWLYH
&RPSDUHG WR H[SHULPHQW RQH WKH VHFRQG H[SHULPHQW DVNV D PRUH GHPDQGLQJ TXHVWLRQ RI WKH
REVHUYDWLRQ QHWZRUN LV WKH REVHUYDWLRQ QHWZRUN VHQVLWLYH WR VSDWLDO YDULDELOLW\ LQ WKH ZHWODQG
ÁX[HV IURP HDFK UHJLRQ" $OWHUQDWHO\ FDQ D VSDWLDOO\FRQVWDQW PRGHO UHSURGXFH WKH V\QWKHWLF DW
PRVSKHULF REVHUYDWLRQV DV ZHOO" ([LVWLQJ ERWWRPXS HVWLPDWHV GLVDJUHH PDUNHGO\ RQ WKH VSDWLDO
GLVWULEXWLRQ RI ZHWODQG ÁX[HV EXW SHUKDSV DWPRVSKHULF GDWD FDQ SURYLGH JXLGDQFH
)LJXUH E GLVSOD\V WKH UHVXOWV RI WKLV H[SHULPHQW IRU HDFK UHJLRQ DQG VHDVRQ 7KH DYDLODEOH
GDWD LV RQO\ VHQVLWLYH WR VSDWLDO YDULDELOLW\ LQ FHUWDLQ FDVHV 7KH PRGHO VHOHFWLRQ IUDPHZRUN FKRRVHV
D ZHWODQG PRGHO LQ > % RI DOO WULDOV LQ HDVWHUQ &DQDGD GXULQJ VXPPHU DQG IDOO DQG LQ ZHVWHUQ
&DQDGD GXULQJ VXPPHU (DVWHUQ &DQDGD LV WKH RQO\ UHJLRQ WKDW FDQ GLVWLQJXLVK GLIIHUHQW VSD
WLDO SDWWHUQV LQ WKH VKRXOGHU VHDVRQV ,Q UHPRWH UHJLRQV RI QRUWKHUQ 2QWDULR DQG 4XHEHF ODUJH
ZHWODQG ÁX[HV GRPLQDWH YDULDELOLW\ LQ DWPRVSKHULF PHWKDQH +HQFH LW LV XQGHUVWDQGDEOH WKDW
REVHUYDWLRQV DUH PRVW VHQVLWLYH WR WKH VSDWLDO GLVWULEXWLRQ RI ÁX[HV LQ WKLV UHJLRQ %\ FRQWUDVW
WKH REVHUYDWLRQ QHWZRUN LV ODUJHO\ LQVHQVLWLYH WR VSDWLDO YDULDELOLW\ LQ ZHWODQG ÁX[HV DFURVV WKH
86 LQ PRVW LQVWDQFHV WKH PRGHO VHOHFWLRQ IUDPHZRUN IDYRUV D VSDWLDOO\FRQVWDQW PRGHO RYHU D
ZHWODQG PRGHO IRU WKH WZR 86 UHJLRQV
7KHVH UHVXOWV LQGLFDWH WKDW WKH REVHUYDWLRQ QHWZRUN KDV OLPLWHG FDSDFLW\ WR HYDOXDWH ZHWODQG
ÁX[HV RYHU WKH 8QLWHG 6WDWHV $FURVV &DQDGD WKH UHVXOWV DUH IDU PRUH SURPLVLQJ GHVSLWH WKH
UHODWLYH VSDUVLW\ RI WKH REVHUYDWLRQ QHWZRUN WKHUH ([LVWLQJ ERWWRPXS PHWKDQH HVWLPDWHV DUH
KLJKO\ XQFHUWDLQ DFURVV &DQDGD DQG WKH V\QWKHWLF H[SHULPHQWV LQGLFDWH WKDW DWPRVSKHULF REVHU
YDWLRQV FDQ UHGXFH WKHVH XQFHUWDLQWLHV

7DEOH  6SDWLDO SDWWHUQV FKRVHQ E\ WKH PRGHO VHOHFWLRQ IUDPHZRUN
5HJLRQ VHDVRQ 0RGHOV FKRVHQ RYHU D FRQVWDQW PRGHO QDPHV
( &DQDGD VXPPHU  RI  /3-%HUQ
( &DQDGD IDOO  RI 
: &DQDGD VXPPHU  RI  /3-%HUQ 6'*90
 5HVXOWV DQG GLVFXVVLRQ FRPSDULVRQV ZLWK DWPRVSKHULF GDWD
 6SDWLDO ÁX[ SDWWHUQV
:H ÀUVW FRPSDUH WKH VSDWLDO GLVWULEXWLRQ RI WKH H[LVWLQJ ZHWODQG ÁX[ HVWLPDWHV DJDLQVW PHWKDQH
GDWD IURP WKH DWPRVSKHULF REVHUYDWLRQ QHWZRUN :H DSSO\ H[SHULPHQW WZR WR UHDO GDWD DQG UH
SRUW WKH UHVXOWV IRU UHJLRQV DQG VHDVRQV WKDW KDG D KLJK VXFFHVV UDWH LQ WKH V\QWKHWLF H[SHULPHQW
7KDW H[SHULPHQW H[DPLQHG ZKHWKHU WKH VSDWLDO YDULDELOLW\ LQ D ZHWODQG PRGHO LV PRUH XVHIXO
DW GHVFULELQJ WKH DWPRVSKHULF GDWD WKDQ D VSDWLDO FRQVWDQW :H QRZ DSSO\ WKLV TXHVWLRQ WR UHDO
GDWD GR WKH :(7&+,03 PRGHOV KDYH VSDWLDO YDULDELOLW\ WKDW GHVFULEH WKH UHDO GDWD EHWWHU WKDQ D
VSDWLDO FRQVWDQW" ,I VR ZKLFK PRGHOV" 7KLV DSSURDFK LQGLFDWHV ZKHWKHU HDFK PRGHO FRQWULEXWHV
SRVLWLYH LQIRUPDWLRQ RQ WKH ORFDWLRQ RI ZHWODQG ÁX[HV RU LI D VSDWLDO FRQVWDQW LV D PRUH HIIHFWLYH
GHVFULSWRU
7KH UHVXOWV RI WKLV UHDO GDWD H[SHULPHQW DUH GLVSOD\HG LQ 7DEOH  7KLV WDEOH RQO\ OLVWV WKH UH
JLRQV DQG VHDVRQV WKDW KDG D VXFFHVV UDWH ! LQ V\QWKHWLF GDWD H[SHULPHQW WZR ,I D ZHWODQG
PRGHO GHVFULEHV WKH GLVWULEXWLRQ RI ÁX[HV EHWWHU WKDQ D VSDWLDO FRQVWDQW LQ WKRVH UHJLRQVVHDVRQV
WKHQ WKH PRGHO VHOHFWLRQ IUDPHZRUN VKRXOG VHOHFW WKDW PRGHO
2QO\ D VPDOO QXPEHU RI :(7&+,03 PRGHOV DUH DEOH WR GHVFULEH WKH GLVWULEXWLRQ RI ZHWODQG
ÁX[HV DV VHHQ YLD WKH DWPRVSKHULF REVHUYDWLRQV EHWWHU WKDQ D VSDWLDO FRQVWDQW ² EHWZHHQ  ² 
RI WKH DYDLODEOH PRGHOV GHSHQGLQJ XSRQ WKH UHJLRQ DQG VHDVRQ 7KH PRGHO VHOHFWLRQ IUDPHZRUN
FKRRVHV /3-%HUQ LQ HDVWHUQ &DQDGD DQG /3-%HUQ DQG 6'*90 LQ ZHVWHUQ &DQDGD 7KH VSD

WLDO SDWWHUQV LQ WKH UHPDLQLQJ :(7&+,03 PRGHOV GR QRW SHUIRUP EHWWHU WKDQ D VSDWLDO FRQVWDQW
ZKHQ FRPSDUHG WR DWPRVSKHULF GDWD
7KH /3-%HUQ DQG 6'*90PRGHOV KDYH VHYHUDO XQLTXH VSDWLDO FKDUDFWHULVWLFV WKDW FRXOG H[
SODLQ WKHVH UHVXOWV 2YHU HDVWHUQ &DQDGD WKH /3-%HUQ PRGHO FRQFHQWUDWHV WKH ODUJHVW ÁX[HV
LQ WKH +%/ 2WKHU PRGHOV E\ FRQWUDVW RIWHQ GLVWULEXWH WKH ÁX[HV PRUH EURDGO\ DFURVV 2QWDULR
DQG 4XHEHF RU SXW WKH ODUJHVW ÁX[HV LQ 2QWDULR RXWVLGH RI WKH +%/ ,Q ZHVWHUQ &DQDGD WKH /3-
%HUQ DQG 6'*90PRGHOV GLVWULEXWH ÁX[HV EURDGO\ DFURVV ERWK QRUWKHUQ 6DVNDWFKHZDQ DQG $O
EHUWD $ QXPEHU RI RWKHU HVWLPDWHV OLNH '/(0 RU &/00H DVVLJQ UHODWLYHO\ VPDOO ÁX[HV LQ WKHVH
SURYLQFHV UHODWLYH WR RWKHU UHJLRQV
7KH /3-%HUQ DQG 6'*90PRGHOV VKDUH DQRWKHU FRPPRQ FKDUDFWHULVWLF ERWK PRGHO ZHWODQG
DUHD LQGHSHQGHQWO\ LQVWHDG RI UHO\LQJ VROHO\ RQ UHPRWH VHQVLQJ LQXQGDWLRQ GDWDVHWV /3-:6/
25&+,'(( '/(0 DQG &/00H XVH UHPRWH VHQVLQJ LQXQGDWLRQ GDWDVHWV OLNH *(,06 *OREDO
,QXQGDWLRQ ([WHQW IURP 0XOWL6DWHOOLWHV 3ULJHQW HW DO  WR FRQVWUXFW D ZHWODQG PDS 2WKHU
PRGHOV OLNH /3-%HUQ /3-:+\0H DQG 6'*90 DOVR XVH ODQG FRYHU PDSV DQGRU ODQG VXU
YH\V WR HVWLPDWH ZHWODQG RU DW OHDVW PHWKDQHSURGXFLQJ DUHD 0HOWRQ HW DO D :DQLD HW DO
 :HWODQG PDSV JHQHUDWHG XVLQJ WKH WZR DSSURDFKHV VKRZ VXEVWDQWLDO GLIIHUHQFHV 5HPRWH
VHQVLQJ GDWDVHWV HVWLPDWH UHODWLYHO\ KLJK OHYHOV RI LQXQGDWLRQ LQ UHJLRQV RI &DQDGD WKDW DUH QRQ
IRUHVWHG RU KDYH PDQ\ VPDOO ODNHV VHH IXUWKHU GLVFXVVLRQ LQ 0HOWRQ HW DO D %RKQ HW DO
 ,QGHSHQGHQWO\JHQHUDWHG ZHWODQG PDSV E\ FRQWUDVW DVVLJQ PRUH ZHWODQGV RYHU UHJLRQV
ZLWK KLJK ZDWHU WDEOHV EXW OLWWOH VXUIDFH ZDWHU $V D UHVXOW RI WKHVH GLIIHUHQFHV PRGHOV OLNH /3-
%HUQ DVVLJQ PRUH ZHWODQGV DQG PHWKDQH ÁX[HV LQ WKH +XGVRQ %D\ /RZODQGV UHODWLYH WR RWKHU
UHJLRQV RI (DVWHUQ &DQDGD

 )OX[ PDJQLWXGH
:H QH[W FRPSDUH WKH PDJQLWXGH RI SUHGLFWHG FRQFHQWUDWLRQV XVLQJ WKH :(7&+,03 PRGHOV
DJDLQVW DWPRVSKHULF REVHUYDWLRQV 8QOLNH SUHYLRXV VHFWLRQV WKDW XWLOL]HG PRGHO VHOHFWLRQ WKLV
VHFWLRQ HPSOR\V VHYHUDO VLPSOH PRGHOGDWD WLPHVHULHV GLVSOD\HG LQ )LJ  :H PRGHO PHWKDQH
FRQFHQWUDWLRQV DW D QXPEHU RI 86 DQG &DQDGLDQ REVHUYDWLRQ VLWHV XVLQJ :5)67,/7 WKH :(7&+,03
ÁX[ HVWLPDWHV DQG DQWKURSRJHQLF HPLVVLRQV IURP WKH ('*$5 Y)7 LQYHQWRU\ 7KLV PRGHO
HVWLPDWH FRQVLVWV RI VHYHUDO FRPSRQHQWV WKH EDFNJURXQG LQ JUHHQ LV WKH HVWLPDWHG FRQFHQWUD
WLRQ RI PHWKDQH LQ FOHDQ DLU EHIRUH HQWHULQJ WKH PRGHO GRPDLQ DV LQ 0LOOHU HW DO  DQG 0LOOHU
HW DO F 7KH HVWLPDWHG FRQWULEXWLRQ RI DQWKURSRJHQLF HPLVVLRQV IURP ('*$5 Y)7
LV DGGHG WR WKLV EDFNJURXQG LQ UHG 1RWH WKDW WKH HVWLPDWHG VFDOLQJ IDFWRUV IRU ('*$5 6HFW
 DUH . ± . DW &KLERXJDPDX . ± . DW (DVW 7URXW /DNH . ± . DW )UDVHUGDOH DQG
. ± . DW 3DUN )DOOV 7KH FRQWULEXWLRQ RI ZHWODQG ÁX[HV IURP WKH :(7&+,03 PRGHOV LV WKHQ
DGGHG WR WKH SUHYLRXV LQSXWV DQG WKH VXP RI DOO FRPSRQHQWV EOXH OLQHV FDQ EH FRPSDUHG GL
UHFWO\ DJDLQVW PHDVXUHG FRQFHQWUDWLRQV
7KH YDULRXV :(7&+,03 ÁX[ HVWLPDWHV SURGXFH YHU\ GLIIHUHQW PRGHOHG FRQFHQWUDWLRQV DW WKH
REVHUYDWLRQ VLWHV )LJ  2YHUDOO PRGHOHG FRQFHQWUDWLRQV ZLWK WKH :(7&+,03 ÁX[HV XVX
DOO\ H[FHHG WKH PHWKDQH PHDVXUHPHQWV GXULQJ VXPPHU $W &KLERXJDPDX )UDVHUGDOH DQG 3DUN
)DOOV LQ HDUO\ VXPPHU DOO VL[ :(7&+,03 PRGHOV SUHGLFW PHWKDQH FRQFHQWUDWLRQV WKDW HTXDO RU
H[FHHG WKH REVHUYDWLRQV 7KH 25&+,'(( /3-:+\0H DQG /3-%HUQ PRGHOV DOZD\V H[FHHG WKH
PHDVXUHPHQWV GXULQJ VXPPHU ZKLOH '/(0 DQG 6'*90 EHWWHU PDWFK WKH REVHUYDWLRQV DW WKHVH
VLWHV ,Q FRQWUDVW WR WKHVH UHVXOWV D UHFHQW VWXG\ E\ %RKQ HW DO  IRXQG WKDW WKH HQVHPEOH DY
HUDJH LV QRW ELDVHG RYHU WKH :HVWHUQ 6LEHULDQ /RZODQGV UHODWLYH WR LQYHUVH PRGHOLQJ HVWLPDWHV
7KH PRGHOV DOVR VKRZ D ODUJH VSUHDG LQ WKDW UHJLRQ
0HWKDQH PRGHOV WKDW RYHUHVWLPDWH ÁX[HV LQ 1RUWK $PHULFD GR QRW DOZD\V FRPSHQVDWH ZLWK
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)LJXUH  7KHVH WLPH VHULHV FRPSDUH DWPRVSKHULF PHWKDQH PHDVXUHPHQWV DW VHYHUDO REVHUYDWLRQ VLWHV
DJDLQVW PRGHO HVWLPDWHV XVLQJ WKH :(7&+,03 HQVHPEOH DQG WKH ('*$5 Y)7 DQWKURSRJHQLF
HPLVVLRQV LQYHQWRU\ 7KH UDQJH RI HVWLPDWHV IURP WKH YDULRXV :(7&+,03 PRGHOV LV ODUJH

VPDOOHU ÁX[HV HOVHZKHUH )RU H[DPSOH WKH 25&+,'(( PRGHO QRW RQO\ HVWLPDWHV ODUJH ÁX[HV
RYHU 1RUWK $PHULFD EXW DOVR HVWLPDWHV KLJKHU ÁX[HV RYHU WKH WURSLFV WKDQ DQ\ RWKHU PRGHO 0HOWRQ
HW DO D +HQFH WKH GLVDJUHHPHQW LQ PDJQLWXGH RYHU 1RUWK $PHULFD QRW RQO\ UHÁHFWV XQ
FHUWDLQW\ LQ WKH JOREDO GLVWULEXWLRQ RI ZHWODQG ÁX[HV EXW DOVR UHÁHFWV XQFHUWDLQW\ LQ WKH JOREDO
ZHWODQG EXGJHW
 6HDVRQDO F\FOH
%RWWRPXS PHWKDQH ÁX[ HVWLPDWHV VKRZ YDULDEOH SHUIRUPDQFH ZKHQ FRPSDUHG DJDLQVW DWPR
VSKHULF REVHUYDWLRQV DQG WKH WHPSRUDO GLVWULEXWLRQ RI WKHVH HVWLPDWHV LV QR H[FHSWLRQ )LJXUH 
FRPSDUHV WKH VHDVRQDO F\FOH RI WKH H[LVWLQJ HVWLPDWHV RYHU &DQDGD·V +%/ (DVWHUQ &DQDGD LV RQH
RI WKH ODUJHVW ZHWODQG UHJLRQV LQ 1RUWK $PHULFD )LJ  DQG XQOLNH RWKHU UHJLRQV WKH REVHUYD
WLRQ QHWZRUN WKHUH FDQ GHWHFW D FOHDU ZHWODQG VLJQDO WKURXJK PRVW RI WKH VHDVRQDO F\FOH )LJ 
,Q WKLV UHJLRQ WKH ERWWRPXS HVWLPDWHV GLYHUJH RQ WKH VHDVRQDO F\FOH RI ÁX[HV 0RVW HVWL
PDWHV SUHGLFW SHDN ÁX[HV LQ -XO\ RU $XJXVW WKRXJK WZR YDULDWLRQV RI WKH /3- PRGHO SUHGLFW VHD
VRQDO SHDNV LQ 6HSWHPEHU DQG 2FWREHU /3-:+\0H DQG /3-%HUQ UHVSHFWLYHO\ 'LVFUHSDQFLHV
DPRQJ PRGHOV DUH DOVR QRWDEOH GXULQJ WKH IDOO DQG VSULQJ VHDVRQV )RU H[DPSOH ÁX[HV LQ -XQH
DFFRXQW IRU DQ\ZKHUH EHWZHHQ  DQG  RI WKH DQQXDO PHWKDQH EXGJHW GHSHQGLQJ XSRQ WKH
PRGHO )OX[HV LQ 2FWREHU DFFRXQW IRU EHWZHHQ  DQG  RI WKH DQQXDO EXGJHW
7KH ÀJXUH DOVR GLVSOD\V WKH VHDVRQDOLW\ RI DQ LQYHUVH PRGHOLQJ HVWLPDWH IURP 0LOOHU HW DO
F IRU FRPSDULVRQ 7KDW HVWLPDWH LQFRUSRUDWHV REVHUYDWLRQV IURP &KLERXJDPDX DQG )UDVHUGDOH
DWPRVSKHULF PHDVXUHPHQW VLWHV WKDW DUH VWURQJO\ LQÁXHQFHG E\ ÁX[HV IURP WKH +%/ 7KH GLV
FUHSDQFLHV DPRQJ WKH :(7&+,03 PRGHOV RIWHQ H[FHHG WKH  FRQÀGHQFH LQWHUYDO RI WKH LQ
YHUVLRQ HVWLPDWH 0LOOHU HW DO F 2Q ZKROH WKH :(7&+,03 HVWLPDWHV KDYH D QDUURZHU
VHDVRQDO F\FOH WKDQ WKH LQYHUVLRQ HVWLPDWH ZKLFK DVVLJQV FRPSDUDWLYHO\ ODUJHU ÁX[HV WR WKH IDOO

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)LJXUH  7KH VHDVRQDO F\FOH LQ PHWKDQH ÁX[HV HVWLPDWHG IRU WKH +XGVRQ %D\ /RZODQGV +%/ ²◦1
²◦: :H LQFOXGH ERWK WKH :(7&+,03 HVWLPDWHV DQG DQ LQYHUVH PRGHOLQJ HVWLPDWH IURP 0LOOHU HW DO
F (DFK PRQWK LV GLVSOD\HG DV D SHUFHQWDJH RI WKH DQQXDO EXGJHW HVWLPDWHG E\ D JLYHQ PRGHO 7KLV
DSSURDFK KLJKOLJKWV GLIIHUHQFHV LQ WKH VHDVRQDOLW\ RI WKH PRGHOV DQG FRQWUROV IRU GLIIHUHQFHV LQ PDJQLWXGH
,Q JHQHUDO WKH :(7&+,03 PRGHOV HVWLPDWH D QDUURZHU VHDVRQDO F\FOH UHODWLYH WR 0LOOHU HW DO F
DQG VSULQJ VKRXOGHU VHDVRQV $ UHFHQW LQYHUVH PRGHOLQJ VWXG\ RI WKH :HVWHUQ 6LEHULDQ /RZODQGV
IRXQG SDUDOOHO UHVXOWV IRU WKDW UHJLRQ ² H[LVWLQJ PRGHOV DOVR XQGHUSUHGLFW WKH VKRXOGHU VHDVRQV
UHODWLYH WR VXPPHU PRQWKV :LQGHUOLFK  %RKQ HW DO 
1XPHURXV SRVVLEOH H[SODQDWLRQV FRXOG XQGHUO\ WKLV GLVFUHSDQF\ )RU H[DPSOH WKH ERWWRP
XS PRGHOV FRXOG EH WRR VHQVLWLYH WR VRLODLU WHPSHUDWXUH DQG PD\ WKHUHIRUH VKXW RII PHWKDQH
HPLVVLRQV WRR HDUO\ &RPSDUHG WR WKH LQYHUVLRQ HVWLPDWH WKH ERWWRPXS PRGHOV SUHGLFW VPDOO
RU PLQLPDO ÁX[HV GXULQJ IDOOVSULQJ PRQWKV ZKHQ DLU WHPSHUDWXUHV DUH QHDU IUHH]LQJ EXW VRLOV
DUH VWLOO XQIUR]HQ )LJ & $FFRUGLQJ WR HVWLPDWHV IURP WKH 1RUWK $PHULFDQ 5HJLRQDO 5HDQDO\
VLV 1$55 0HVLQJHU HW DO  VXUIDFH VRLOV LQ WKH +%/  DQG FP GHSWK EHJLQ WR WKDZ LQ
$SULO DQG DUH ODUJHO\ XQIUR]HQ LQ 0D\ )LJ & ,Q WKH IDOO VXUIDFH VRLOV  FP GHSWK EHJLQ WR
IUHH]H LQ 1RYHPEHU EXW GHHSHU VRLOV FP DQG FP UHPDLQ ODUJHO\ XQIUR]HQ XQWLO 'HFHPEHU
&RPSDUHG WR WKH ERWWRPXS PRGHOV WKH LQYHUVLRQ HVWLPDWH SUHGLFWV D ZLGHU VHDVRQDO ZLQGRZ D

UHVXOW WKDW LV FRQVLVWHQW ZLWK VRLO IUHH]HWKDZ
 &RQFOXVLRQV
$ UHFHQW PRGHO FRPSDULVRQ VWXG\ UHYHDOHG VXEVWDQWLDO GLIIHUHQFHV LQ H[LVWLQJ HVWLPDWHV RI ZHW
ODQG PHWKDQH ÁX[HV ² GLIIHUHQFHV DW JOREDO WR UHJLRQDO VFDOHV ,Q WKH ÀUVW FRPSRQHQW RI WKLV VWXG\
ZH XVH WZR LQFUHDVLQJ VWULQJHQW V\QWKHWLF GDWD H[SHULPHQWV WR XQGHUVWDQG KRZ VHQVLWLYH WKH DW
PRVSKHULF REVHUYDWLRQ QHWZRUN LV WR UHJLRQDOVFDOH ZHWODQG ÁX[HV :H ÀQG WKDW WKH QHWZRUN
FDQ UHOLDEO\ LGHQWLI\ DQ DWPRVSKHULF SDWWHUQ IURP &DQDGLDQ ZHWODQGV 7KH QHWZRUN FDQ LGHQWLI\
D PHWKDQH SDWWHUQ IURP WKH HDVWHUQ 86 LQ D PDMRULW\ WKRXJK QRW DOO WULDOV DQG UDUHO\ IURP WKH
ZHVWHUQ 86 7KH QHWZRUN FDQ DOVR GHWHFW VSDWLDO YDULDELOLW\ LQ WKH &DQDGLDQ ZHWODQG VRXUFH EXW
UDUHO\ LQ WKH 86 ZHWODQG VRXUFH 7KLV DQDO\VLV DOVR DFFRXQWV IRU GLVWUDFWLQJ VLJQDOV RU SDWWHUQV LQ
WKH DWPRVSKHUH IURP DQWKURSRJHQLF VRXUFHV RU VLPXODWHG PRGHOLQJ HUURUV 7KHVH UHVXOWV LQGLFDWH
WKDW XQFHUWDLQWLHV LQ FXUUHQW PHWKDQH PRGHOV FDQ EH UHGXFHG LI WKRVH PRGHOV EHJLQ WR OHYHUDJH
DYDLODEOH PHWKDQH GDWD )XUWKHUPRUH WKHVH GLVFUHSDQFLHV LQGLFDWH D GLVFRQQHFW EHWZHHQ VFLHQ
WLVWV ZKR EXLOG SURFHVVEDVHG DQGRU ELRJHRFKHPLFDO PRGHOV DQG VFLHQWLVWV ZKR FROOHFW RU XVH
DWPRVSKHULF PHWKDQH GDWD ,PSURYHG FROODERUDWLRQ EHWZHHQ WKHVH WZR JURXSV FRXOG KHOS UHGXFH
SUHVHQW XQFHUWDLQWLHV LQ QDWXUDO PHWKDQH ÁX[HV DW OHDVW RYHU &DQDGD
,Q D VHFRQG FRPSRQHQW RI WKH VWXG\ ZH HYDOXDWH HDFK H[LVWLQJ ERWWRPXS PHWKDQH PRGHO DW
UHJLRQDO VFDOH XVLQJ UHDO DWPRVSKHULF GDWD :H ÀQG WKDW RQO\ ² RI DOO PRGHOV KDYH D VSD
WLDO SDWWHUQ WKDW GHVFULEHV WKH DWPRVSKHULF GDWD PRUH HIIHFWLYHO\ WKDQ D FRQVWDQW 7KH /3-%HUQ
DQG 6'*90PRGHOV KDYH VSDWLDO GLVWULEXWLRQV WKDW DUH PRVW FRQVLVWHQW ZLWK DWPRVSKHULF RE
VHUYDWLRQV GHSHQGLQJ XSRQ WKH UHJLRQ DQG VHDVRQ RI LQWHUHVW ,Q DGGLWLRQ DOPRVW DOO H[LVWLQJ
PRGHOV RYHUHVWLPDWH WKH PDJQLWXGH RI ZHWODQG PHWKDQH ÁX[HV ZKHQ FRPSDUHG DJDLQVW DWPR
VSKHULF GDWD DW LQGLYLGXDO REVHUYDWLRQ VLWHV 7KH HQVHPEOH RI PRGHOV DOVR DSSHDUV WR HVWLPDWH

D VHDVRQDO F\FOH WKDW LV WRR QDUURZ DFURVV WKH +%/ D ODUJH UHJLRQ RI PHWKDQH ÁX[HV LQ 1RUWK
$PHULFD 2YHUDOO WKLV VWXG\ LQGLFDWHV QXPHURXV DUHDV IRU LPSURYHPHQW LQ H[LVWLQJ ERWWRPXS
ZHWODQG PHWKDQH HVWLPDWHV

$WPRVSKHULF LQYHUVH PRGHOLQJ ZLWK NQRZQ SK\VLFDO ERXQGV
DQ H[DPSOH IURP WUDFH JDV HPLVVLRQV
7KLV FKDSWHU RULJLQDOO\ DSSHDUHG DV D UHVHDUFK DUWLFOH LQ WKH MRXUQDO *HRVFLHQWLÀF 0RGHO 'HYHORSPHQW )RU
WKH RULJLQDO DUWLFOH UHIHU WR 0LOOHU HW DO D
0DQ\ LQYHUVH SUREOHPV LQ WKH DWPRVSKHULF VFLHQFHV LQYROYH SDUDPHWHUV ZLWK NQRZQ SK\VLFDO
FRQVWUDLQWV ([DPSOHV LQFOXGH QRQQHJDWLYLW\ HJ HPLVVLRQV RI VRPH XUEDQ DLU SROOXWDQWV RU XS
ZDUG OLPLWV LPSOLHG E\ UHDFWLRQ RU VROXELOLW\ FRQVWDQWV +RZHYHU SUREDELOLVWLF LQYHUVH PRGHOLQJ
DSSURDFKHV EDVHG RQ *DXVVLDQ DVVXPSWLRQV FDQQRW LQFRUSRUDWH VXFK ERXQGV DQG WKXV RIWHQ SUR
GXFH XQUHDOLVWLF UHVXOWV 7KH DWPRVSKHULF OLWHUDWXUH ODFNV FRQVHQVXV RQ WKH EHVW PHDQV WR RYHU
FRPH WKLV SUREOHP DQG H[LVWLQJ DWPRVSKHULF VWXGLHV UHO\ RQ D OLPLWHG QXPEHU RI WKH SRVVLEOH
PHWKRGV ZLWK OLWWOH H[DPLQDWLRQ RI WKH UHODWLYH PHULWV RI HDFK
7KLV SDSHU LQYHVWLJDWHV WKH DSSOLFDELOLW\ RI VHYHUDO DSSURDFKHV WR ERXQGHG LQYHUVH SUREOHPV
$ FRPPRQ PHWKRG RI GDWD WUDQVIRUPDWLRQV LV IRXQG WR XQUHDOLVWLFDOO\ VNHZ HVWLPDWHV IRU WKH
H[DPLQHG H[DPSOH DSSOLFDWLRQ 7KH PHWKRG RI /DJUDQJH PXOWLSOLHUV DQG WZR 0DUNRY FKDLQ

0RQWH &DUOR 0&0& PHWKRGV \LHOG PRUH UHDOLVWLF DQG DFFXUDWH UHVXOWV ,Q JHQHUDO WKH H[DP
LQHG 0&0& DSSURDFKHV SURGXFH WKH PRVW UHDOLVWLF UHVXOW EXW FDQ UHTXLUH VXEVWDQWLDO FRPSXWD
WLRQDO WLPH /DJUDQJH PXOWLSOLHUV RIIHU DQ DSSHDOLQJ RSWLRQ IRU ODUJH FRPSXWDWLRQDOO\ LQWHQVLYH
SUREOHPV ZKHQ H[DFW XQFHUWDLQW\ ERXQGV DUH OHVV FHQWUDO WR WKH DQDO\VLV $ V\QWKHWLF GDWD LQYHU
VLRQ RI 86 DQWKURSRJHQLF PHWKDQH HPLVVLRQV LOOXVWUDWHV WKH VWUHQJWKV DQG ZHDNQHVVHV RI HDFK
DSSURDFK
 ,QWURGXFWLRQ
,QYHUVH PRGHOLQJ DQG GDWD DVVLPLODWLRQ KDYH EHFRPH XELTXLWRXV LQ WKH DWPRVSKHULF VFLHQFHV
DQG RQH RI WKH PRVW FRPPRQ DSSOLFDWLRQV LV WKH HVWLPDWLRQ RI WUDFH JDV VXUIDFH ÁX[HV 7KHVH
WRSGRZQ DSSURDFKHV RSWLPL]H HPLVVLRQV RU ÁX[ HVWLPDWHV VXFK WKDW PRGHOHG DWPRVSKHULF FRQ
FHQWUDWLRQV UHSURGXFH REVHUYHG FRQFHQWUDWLRQV 0RVW PHWKRGV DUH EDVHG RQ %D\HVLDQ VWDWLVWLFDO
SULQFLSOHV DQG DVVXPSWLRQV RI *DXVVLDQ SUREDELOLW\ GHQVLW\ IXQFWLRQV SGIV LPSOHPHQWHG LQ
D YDULHW\ RI ZD\V HJ *XUQH\ HW DO  0LFKDODN HW DO  +HQ]H HW DO  3HWHUV HW DO
 *RXUGML HW DO  6WRKO HW DO 
0DQ\ DSSOLFDWLRQV UHTXLUH HVWLPDWLQJ HPLVVLRQV RU ÁX[HV WKDW KDYH NQRZQ SK\VLFDO OLPLWV RI
WHQ UHIHUUHG WR VLPSO\ DV LQHTXDOLW\ FRQVWUDLQWV )RU H[DPSOH WKHUH DUH IHZ DQWKURSRJHQLF VLQNV
RI FDUERQ GLR[LGH RU PHWKDQH DQG WKH UHOHDVH KLVWRU\ RI DLU WR[LQV IURP DQ LQGXVWULDO KD]DUG VLWH
LV QHYHU QHJDWLYH ,Q PDQ\ FDVHV SUHGLFWHG VRXUFHV WKDW YLRODWH LQHTXDOLW\ FRQVWUDLQWV DUH QRW
RQO\ PHDQLQJOHVV EXW GLVWRUW SUHGLFWLRQ LQ VXUURXQGLQJ UHJLRQV RU WLPHV )RU H[DPSOH LI DQ LQ
YHUVLRQ HVWLPDWHV DQ XQUHDOLVWLF QHJDWLYH HPLVVLRQV UHJLRQ HPLVVLRQV LQ DGMDFHQW UHJLRQV PD\
EHFRPH ODUJHU WKDQ H[SHFWHG GXH WR PDVV FRQVHUYDWLRQ HJ 0LFKDODN  +HQFH LW ZRXOG
QRW EH VXIÀFLHQW WR VLPSO\ UHVHW QHJDWLYH HPLVVLRQV WR ]HUR 'RLQJ VR ZRXOG QRW FRUUHFW IRU GLV
WRUWHG VRXUFHV HOVHZKHUH DQG ZRXOG HUURQHRXVO\ LQFUHDVH WKH RYHUDOO HVWLPDWHG HPLVVLRQV EXGJHW

LH ZRXOG YLRODWH WKH PDVV EDODQFH RU EXGJHW DV FRQVWUDLQHG E\ WKH DWPRVSKHULF REVHUYDWLRQV
$GGLWLRQDOO\ HQIRUFLQJ LQHTXDOLW\ FRQVWUDLQWV LV RIWHQ QHFHVVDU\ IRU REWDLQLQJ UHDOLVWLF XQFHU
WDLQW\ HVWLPDWHV (YHQ LI WKH SRVWHULRU HPLVVLRQV WKHPVHOYHV GR QRW YLRODWH WKH LQHTXDOLW\ FRQ
VWUDLQWV WKHLU FRQÀGHQFH LQWHUYDOV FRXOG YHU\ ZHOO H[WHQG EH\RQG NQRZQ OLPLWV XQGHU *DXVVLDQ
DVVXPSWLRQV ,Q VXFK FDVHV DQ XQFRQVWUDLQHG LQYHUVLRQ ZLOO SURGXFH ERWK XSSHU DQG ORZHU FRQ
ÀGHQFH LQWHUYDOV WKDW DUH XQUHDOLVWLFDOO\ ODUJH HJ 6QRGJUDVV 	 .LWDQLGLV  0LFKDODN 	 .LWDQLGLV 
7KH SUREOHP RFFXUV EHFDXVH XQUHDOLVWLFDOO\ ORZ HPLVVLRQV ZLWKLQ WKH ORZHU FRQÀGHQFH LQWHUYDO
PXVW EH EDODQFHG E\ ODUJHU HPLVVLRQV HOVHZKHUH LQ WKH XSSHU FRQÀGHQFH LQWHUYDO RU YLFH YHUVD
,Q UHVSRQVH WR WKH SUREOHPV DVVRFLDWHG ZLWK XQFRQVWUDLQHG LQYHUVLRQV H[LVWLQJ WUDFH JDV ÁX[
HVWLPDWLRQ VWXGLHV W\SLFDOO\ XVH RQH RI IRXU PHWKRGV WR DSSO\ LQHTXDOLW\ FRQVWUDLQWV 2QH PHWKRG
HPSOR\HG LQ SUHYLRXV VWXGLHV LV D GDWD WUDQVIRUPDWLRQ UHIHU WR 6HFW  HJ 0XOOHU 	 6WDYUDNRX
 %HUJDPDVFKL HW DO  $ VHFRQG PHWKRG GHFUHDVHV WKH XQFHUWDLQW\ DVVLJQHG WR PDQ\
RI WKH SULRU ÁX[HV XQWLO WKH SRVWHULRU ÁX[HV REH\ WKH NQRZQ ERXQGV HJ (FNKDUGW HW DO 
6WRKO HW DO  7KLV DGMXVWPHQW PD\ UXQ FRXQWHU WR WKH PRGHOHU·V SK\VLFDO XQGHUVWDQGLQJ RI
WKH SULRU HVWLPDWH RU DVVRFLDWHG XQFHUWDLQWLHV DQG WKHUHIRUH LV QRW GLVFXVVHG LQ JUHDW GHWDLO KHUH
$ WKLUG PHWKRG LV WKDW RI /DJUDQJH PXOWLSOLHUV UHIHU WR 6HFW  HJ +HQ]H HW DO  .RSDF]
HW DO  *|FNHGH HW DO  )LQDOO\ WZR UHFHQW VWXGLHV XVH D FODVV RI 0DUNRY FKDLQ 0RQWH
&DUOR 0&0& PHWKRGV NQRZQ DV 0HWURSROLV²+DVWLQJV 5LJE\ HW DO  %XUURZV HW DO 
LPSOHPHQWHG LQ D PDQQHU WKDW HQIRUFHV QRQQHJDWLYLW\ ([LVWLQJ DWPRVSKHULF VWXGLHV SURYLGH OLW
WOH JXLGDQFH RQ WKH PHULWV RI RQH DSSURDFK RYHU DQRWKHU
7KH REMHFWLYH RI WKLV VWXG\ LV WKXV WR LQYHVWLJDWH WKH PHULWV RI WKH DERYH DSSURDFKHV DQG WZR
DGGLWLRQDO 0&0& LPSOHPHQWDWLRQV 0&0& DOJRULWKPV DUH XELTXLWRXV LQ %D\HVLDQ VWDWLVWLFV EXW
DUH QRW FRPPRQO\ DSSOLHG WR DWPRVSKHULF VWXGLHV 7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV
IROORZV 6HFW  H[DPLQHV WKH VWDWLVWLFDO DVVXPSWLRQV RI FRPPRQ LQYHUVLRQ PHWKRGV WKDW DUH LQ
FRPSDWLEOH ZLWK LQHTXDOLW\ FRQVWUDLQWV 6HFWLRQ  GLVFXVVHV VHYHUDO SRVVLEOH DOWHUQDWLYHV WR PLWL

JDWH WKHVH VWDWLVWLFDO DVVXPSWLRQV LQFOXGLQJ GDWD WUDQVIRUPDWLRQV /DJUDQJH PXOWLSOLHUV DQG WZR
VSHFLÀF 0&0& LPSOHPHQWDWLRQV ² D PXOWLSOHWU\ 0HWURSROLV²+DVWLQJV DOJRULWKP DQG D *LEEV
VDPSOHU )LQDOO\ 6HFWV  DQG  GLVFXVV WKH FRVWV DQG EHQHÀWV RI HDFK DSSURDFK LQ WKH FRQWH[W
RI D V\QWKHWLF FDVH VWXG\ HVWLPDWLQJ 1RUWK $PHULFDQ DQWKURSRJHQLF PHWKDQH HPLVVLRQV
 &RPPRQ %D\HVLDQ DSSURDFKHV WR LQYHUVH PRGHOLQJ
7KLV VHFWLRQ GHVFULEHV FRPPRQ DSSURDFKHV WR LQYHUVH PRGHOLQJ DQG LQGLFDWHV ZKLFK VWDWLVWLFDO
DVVXPSWLRQV DUH LQFRPSDWLEOH ZLWK NQRZQ ERXQGV
,Q D W\SLFDO LQYHUVH SUREOHP WKH XQNQRZQ TXDQWLW\ WR EH HVWLPDWHG V GLPHQVLRQV P ×  LV
GLIIHUHQW IURP WKH TXDQWLW\ DFWXDOO\ REVHUYHG ] GLPHQVLRQV Q× DQG WKH WZR DUH UHODWHG WR RQH
DQRWKHU E\ D IXQFWLRQ K(V) ,Q WKH FDVH RI WUDFH JDV LQYHUVLRQV V DUH WKH WUXH XQNQRZQ HPLVVLRQV
RU ÁX[HV ] DUH REVHUYDWLRQV RI DWPRVSKHULF FRQFHQWUDWLRQ DQG WKH IXQFWLRQ K LV RIWHQ GHÀQHG E\
DQ DWPRVSKHULF WUDQVSRUW DQGRU FKHPLVWU\ PRGHO
] ∼ K(V) +N (,5), 
ZKHUH N (,5) LQ WKLV FDVH UHSUHVHQWV WKH FRPELQHG PRGHO PHDVXUHPHQW UHSUHVHQWDWLRQ DQG
VSDWLDOWHPSRUDO DJJUHJDWLRQ HUURUV FROOHFWLYHO\ WHUPHG PRGHO²GDWD PLVPDWFK 7KHVH HUURUV DUH
PRVW FRPPRQO\ DVVXPHG WR EH UDQGRP DQG QRUPDOO\ GLVWULEXWHG ZLWK D PHDQ RI ]HUR DQG DQ
Q× Q FRYDULDQFH PDWUL[ 5
$Q\ D SULRUL LQIRUPDWLRQ RQ WKH VSDWLDO RU WHPSRUDO GLVWULEXWLRQ RI V FDQ EH LQFRUSRUDWHG LQWR
D PRGHO RI WKH PHDQ ([V]
V ∼ ([V] +N (,4). 
7KLV PRGHO ([V] UDUHO\ PDWFKHV WKH XQNQRZQ V DQG WKH P × P FRYDULDQFH PDWUL[ 4 GHVFULEHV

WKH PDJQLWXGH DQG VWUXFWXUH RI WKH UHVLGXDOV EHWZHHQ V DQG ([V] $V ZLWK WKH PRGHO²GDWD PLV
PDWFK WKHVH UHVLGXDOV DUH DOVR W\SLFDOO\ DVVXPHG WR EH QRUPDOO\ GLVWULEXWHG ZLWK D PHDQ RI ]HUR
7KH PRGHO RI WKH PHDQ FDQ EH IRUPXODWHG LQ D QXPEHU RI ZD\V EXW RQH FRPPRQ PHWKRG
XVHG LQ WKLV SDSHU LV DV IROORZV
([V] = ;շ, 
ZKHUH WKH P× SPDWUL[ ; LQFOXGHV S GLIIHUHQW FRYDULDWHV DQG WKH XQNQRZQ S×  GULIW FRHIÀFLHQWV
շ DGMXVW WKH PDJQLWXGH RI WKHVH FRYDULDWHV WR EHVW PDWFK WKH REVHUYDWLRQV 7KH PRGHO RI WKH
PHDQ FRXOG EH XQLQIRUPDWLYH HJ ; LV DQ P×  YHFWRU RI RQHV DV LQ 0XHOOHU HW DO  RU FRXOG
LQFOXGH DQ\ QXPEHU RI FRYDULDWHV LQFOXGLQJ FOLPDWRORJLFDO LQIRUPDWLRQ RU DQ H[LVWLQJ HPLVVLRQV
LQYHQWRU\ HJ *RXUGML HW DO  0LOOHU HW DO  F 6RPH LQYHUVLRQ DSSURDFKHV DVVXPH
WKDW WKH GULIW FRHIÀFLHQWV DUH NQRZQ LQ ZKLFK FDVH ([V] EHFRPHV DQ P ×  YHFWRU HJ 5RGJHUV
 (QWLQJ  7DUDQWROD  $Q LQYHUVLRQ ZLWK XQNQRZQ FRHIÀFLHQWV KDV W\SLFDOO\ EHHQ
XVHG ZLWKLQ WKH FRQWH[W RI D ´JHRVWDWLVWLFDOµ UHSUHVHQWDWLRQ RI WKH LQYHUVH SUREOHP XVHG LQ WKLV
VWXG\ ZKLOH WKH FRHIÀFLHQWV DUH XVXDOO\ DVVXPHG LQ WKH ´V\QWKHVLV %D\HVLDQµ DSSURDFK WKRXJK
ERWK DSSURDFKHV DUH %D\HVLDQ LQ QDWXUH
(TXDWLRQ  FDQ EH H[SDQGHG XVLQJ WKH IRUPXODWLRQ RI V GHVFULEHG LQ (T 
] ∼ + N (;շ,4) +N (,5), 
ZKHUH N (;շ,4) UHSUHVHQWV WKH GLVWULEXWLRQ RI V UHODWLYH WR WKH SULRU RU PRGHO RI WKH PHDQ ;շ
7KH Q × P VHQVLWLYLW\ PDWUL[ + LV D OLQHDUL]HG IRUP RI K 7KLV VHWXS DVVXPHV DV LQ PRVW H[LVWLQJ
VWXGLHV WKDW WKH PHDVXUHPHQW UHVLGXDOV (]−+V) DQG ÁX[ UHVLGXDOV V− ;շ IROORZ D PXOWLYDULDWH
QRUPDO GLVWULEXWLRQ DV ZLOO WKH SRVWHULRU SUREDELOLWLHV RI V DQG շ
7KH RSWLPDO HVWLPDWH RI XQNQRZQ V FDQ EH REWDLQHG E\ PLQLPL]LQJ WKH VXP RI VTXDUHG UHVLGX

DOV VXEMHFW WR WKH FRYDULDQFHV
/V,շ =


(]−+V)75− (]−+V)
+


(V− ;շ)74− (V− ;շ) . 
,I + GRHV QRW GHSHQG RQ WKH XQNQRZQ YDOXH RI V WKHQ V FDQ W\SLFDOO\ EH HVWLPDWHG E\ VROY
LQJ D V\VWHP RI OLQHDU HTXDWLRQV UHIHU WR 0LFKDODN HW DO  DQG 7DUDQWROD  IRU PRUH
LQGHSWK GLVFXVVLRQ RQ HVWLPDWLQJ V DQG WKH DVVRFLDWHG SRVWHULRU XQFHUWDLQWLHV 2WKHUZLVH WKH
DOJRULWKP LV XVXDOO\ LWHUDWLYH
,I V KDV NQRZQ ERXQGV WKHQ (T  PXVW EH UHIRUPXODWHG LQ D ZD\ WKDW KRQRUV WKH LQHTXDO
LW\ FRQVWUDLQWV 6RPH GHWHUPLQLVWLF PHWKRGV SHUPDQHQWO\ UHPRYH HOHPHQWV RI V IURP WKH RSWL
PL]DWLRQ LI WKH\ YLRODWH WKH ERXQGV HJ /DJUDQJH PXOWLSOLHUV ,Q D SXUHO\ VWRFKDVWLF DSSURDFK
WKH ÀUVW WHUP LQ (T  ZLOO LQVWHDG IROORZ VRPH PXOWLYDULDWH GLVWULEXWLRQ IXO  WKDW LV UHVWULFWHG
WR ZLWKLQ WKH ORZHU DQG XSSHU FRQVWUDLQWV O DQG X UHVSHFWLYHO\
] ∼ + IXO (V|;,4) +N (,5). 
7KLV DOWHUDWLRQ PRGLÀHV WKH SULRU SUREDELOLW\ RI WKH ÁX[HV WKH ÁX[HV V ZLOO GHYLDWH IURP WKH
SULRU RU H[SHFWHG YDOXH ([V] RQO\ WR WKH H[WHQW WKDW WKH ÁX[HV UHPDLQ ZLWKLQ WKH ERXQGV O DQG X
,Q FRQWUDVW WKH GLVWULEXWLRQ RI WKH PRGHOPHDVXUHPHQW UHVLGXDOV N (,5) UHPDLQV WKH VDPH DV
LQ WKH FDVH ZLWKRXW LQHTXDOLW\ FRQVWUDLQWV ,Q (T  IXO FRXOG EH IRUPXODWHG DV D PXOWLYDULDWH
WUXQFDWHG QRUPDO H[SRQHQWLDO RU JDPPD GLVWULEXWLRQ DPRQJ PDQ\ RWKHU FKRLFHV 0RVW IRUPX
ODWLRQV RI IXO UHVXOW LQ D FRVW IXQFWLRQ WKDW GRHV QRW KDYH D VWUDLJKWIRUZDUG DQDO\WLFDO PLQLPXP
XQOLNH WKH PXOWLYDULDWH QRUPDO FDVH LQ (T  ,QVWHDG WKH XQNQRZQ TXDQWLW\ V PXVW EH HV
WLPDWHG XVLQJ DQ DOJRULWKP WKDW VDPSOHV WKH SRVWHULRU SUREDELOLW\ GHQVLW\ (YHQ WKHQ LW FDQ EH

GLIÀFXOW WR VDPSOH WKLV GHQVLW\ HIÀFLHQWO\ 7KH QH[W VHFWLRQ GHVFULEHV H[DPSOH GHWHUPLQLVWLF DQG
VWRFKDVWLF DSSURDFKHV LQ JUHDWHU GHWDLO
 6WUDWHJLHV IRU HQIRUFLQJ LQHTXDOLW\ FRQVWUDLQWV
 'DWD WUDQVIRUPDWLRQV
'DWD WUDQVIRUPDWLRQV FDQ HQIRUFH LQHTXDOLW\ FRQVWUDLQWV ZLWK UHODWLYHO\ HDV\ LPSOHPHQWDWLRQ EXW
WUDQVIRUPDWLRQV W\SLFDOO\ UHQGHU D OLQHDU LQYHUVH SUREOHP QRQOLQHDU DQG WKHUHIRUH UHTXLUH DQ LW
HUDWLYH VROXWLRQ $ QXPEHU RI GLIIHUHQW GDWD WUDQVIRUPDWLRQV H[LVW EXW WKH SRZHU WUDQVIRUPDWLRQ
LV D FRPPRQ DSSURDFK EHFDXVH LW LV GHÀQHG DW ]HUR XQOLNH ORJ WUDQVIRUPDWLRQV HJ 6QRGJUDVV 	
.LWDQLGLV  :LONV  &KDS 
V˜ = ն
(
V/ն − 
)
, 
ZKHUH V DUH WKH ÁX[HV LQ QRUPDO VSDFH DQG ն FDQ EH DQ\ VFDODU YDOXH VXFK WKDW V˜ > −ն WKRXJK
ODUJHU YDOXHV RI ն FDXVH PRUH H[WUHPH WUDQVIRUPDWLRQV 7KLV IRUPXODWLRQ DSSURDFKHV WKH QDWXUDO
ORJDULWKP IRU ODUJH YDOXHV RI ն
)RU WKH SRZHU WUDQVIRUP WKH -DFRELDQ RU VHQVLWLYLW\ PDWUL[ + LV QRW OLQHDU LQ WKH WUDQVIRUPHG
VSDFH 7KH DOJRULWKP DV D UHVXOW EHFRPHV LWHUDWLYH DQG UHTXLUHV XSGDWLQJ + DW HYHU\ LWHUDWLRQ
XQWLO ERWK + DQG WKH EHVW HVWLPDWH LQ WKH WUDQVIRUP VSDFH ˜V FRQYHUJH GHVFULEHG LQ GHWDLO E\
6QRGJUDVV 	 .LWDQLGLV  DQG )LHQHQ HW DO  DPRQJ RWKHUV 0RVW WUDQVIRUPDWLRQV
DVVXPH D VNHZHG SGI DQG WKHUHIRUH OHDG WR VNHZHG SRVWHULRU XQFHUWDLQW\ HVWLPDWHV DQG VXFK
DV\PPHWU\ FDQ KDYH D QXPEHU RI LPSOLFDWLRQV DV GLVFXVVHG LQ 6HFW  )XUWKHUPRUH PRVW FRP
PRQ WUDQVIRUPDWLRQV FDQ RQO\ HQIRUFH D VLQJOH XSSHU RU ORZHU ERXQG WKDW LV WKH VDPH IRU DOO HOH
PHQWV RI V

 /DJUDQJH PXOWLSOLHUV DQG WKH WUXVW UHJLRQ DOJRULWKP
7KH PHWKRG RI /DJUDQJH PXOWLSOLHUV LV FRPPRQO\ XVHG LQ GHWHUPLQLVWLF RSWLPL]DWLRQ SUREOHPV
WR HQIRUFH HTXDOLW\ RU LQHTXDOLW\ FRQVWUDLQWV 7KH DSSURDFK KDV DOVR EHHQ DGDSWHG WR D QXPEHU
RI VWRFKDVWLF LQYHUVH SUREOHPV LQ K\GURORJ\ %DUQHV 	 <RX  :DOYRRUW 	 GH *UXLMWHU 
0LFKDODN 	 .LWDQLGLV  DQG PRUH UHFHQWO\ LQ DQ DWPRVSKHULF FRQWH[W +HQ]H HW DO 
.RSDF] HW DO  *|FNHGH HW DO  7KH PHWKRG RI /DJUDQJH PXOWLSOLHUV FDQ EH DSSOLHG
WR DQ LQYHUVLRQ E\ PRGLI\LQJ WKH RULJLQDO FRVW IXQFWLRQ /V,շ
/V,շ,ր = /V,շ − ր7(V− O), 
ZKHUH O LQ WKLV FDVH LV D ORZHU ERXQG RQ V ZKHUH WKH ERXQG FDQ EH VSDWLDOO\ DQG WHPSRUDOO\ YDUL
DEOH DQG ր DUH WKH XQNQRZQ /DJUDQJH PXOWLSOLHUV
$ QXPEHU RI LPSOHPHQWDWLRQV H[LVW EXW DOO PHWKRGV VKDUH PDQ\ VLPLODULWLHV $Q\ HOHPHQW RI
V WKDW ZRXOG RWKHUZLVH YLRODWH WKH LQHTXDOLW\ FRQVWUDLQWV EHFRPHV À[HG RQ RQH RI WKH ERXQGV
0RVW DOJRULWKPV DUH LWHUDWLYH DQG DGG RU UHPRYH WKHVH HOHPHQWV IURP WKH ´DFWLYHµ VHW DW HDFK
LWHUDWLRQ 7KH RSWLPL]DWLRQ SURFHHGV RQO\ RQ WKH DFWLYH VHW DQG LJQRUHV DOO RWKHU HOHPHQWV WKDW
KDYH EHHQ À[HG HJ *LOO HW DO  $ ODUJH GLIIHUHQFH DPRQJ DOJRULWKPV LV WKH ZD\ LQ ZKLFK
HOHPHQWV DUH UHPRYHG RU DGGHG WR WKH DFWLYH VHW
2QH UHVXOW RI WKLV VHWXS LV WKDW HOHPHQWV LQ WKH À[HG VHW DUH QRW PRGHOHG DV FRQWLQXRXV UDQGRP
YDULDEOHV (VWLPDWHG HPLVVLRQV LQ WKHVH UHJLRQV KDYH QR DVVRFLDWHG SRVWHULRU XQFHUWDLQW\ ,Q RWKHU
ZRUGV /DJUDQJH PXOWLSOLHUV FRPSURPLVH WKH VWRFKDVWLF QDWXUH RI WKH LQYHUVH SUREOHP LQ RUGHU WR
HQIRUFH WKH GHVLUHG FRQVWUDLQWV
6HYHUDO QXPHULFDO PHWKRGV DUH DYDLODEOH IRU VROYLQJ FRQVWUDLQHG RSWLPL]DWLRQ SUREOHPV YLD
WKH PHWKRG RI /DJUDQJH PXOWLSOLHUV EXW PDQ\ DUH UHVWULFWHG WR VPDOO RU PHGLXPVL]HG SURE
OHPV HJ V KDV IHZHU WKDQ  HOHPHQWV 7KHVH LQFOXGH WKH PHWKRG RI 7KHLO DQG 9DQ GH 3DQQH

7KHLO 	 3DQQH  6Q\PDQ  &KDS  DQG WKH DFWLYH VHW PHWKRG HJ *LOO HW DO  RU
$QWRQLRX 	 /X  &KDS 
$ QXPEHU RI DOJRULWKPV FDQ HIÀFLHQWO\ VROYH ODUJH ERXQGHG RSWLPL]DWLRQ SUREOHPV LQFOXGLQJ
WKH WUXVW UHJLRQ PHWKRG DQG WKH ERXQGHG OLPLWHGPHPRU\ %UR\GHQ²)OHWFKHU²*ROGIDUE²6KDQQR
DSSURDFK /%)*6% HJ %\UG HW DO  7KLV SDSHU LPSOHPHQWV D WUXVW UHJLRQ DOJRULWKP 7KH
PHWKRG FDQ HIÀFLHQWO\ KDQGOH ODUJH ERXQGHG RSWLPL]DWLRQ SUREOHPV EHFDXVH LW DGGV DQGRU
VXEWUDFWV PXOWLSOH HOHPHQWV IURP WKH À[HG VHW DW HDFK LWHUDWLRQ HJ 0RUH  /LQ 	 0RUH
 $ WUXVW UHJLRQ DOJRULWKP DSSUR[LPDWHV WKH REMHFWLYH IXQFWLRQ DW HDFK LWHUDWLRQ DQG HVWL
PDWHV WKH UDQJH RYHU ZKLFK WKLV DSSUR[LPDWLRQ FDQ EH WUXVWHG UHIHUUHG WR DV WKH WUXVW UHJLRQ
7KH DOJRULWKP RSWLPL]HV V ZLWKLQ WKH WUXVW UHJLRQ DQG FRPSDUHV WKH DSSUR[LPDWHG LPSURYHPHQW
WR WKH DFWXDO UHGXFWLRQ LQ WKH FRVW IXQFWLRQ LQ WKLV FDVH (T  ,I WKH FRVW IXQFWLRQ DSSUR[LPD
WLRQ SHUIRUPV ZHOO WKH DOJRULWKP LV DOORZHG WR PDNH PRUH DJJUHVVLYH PRYHV DW HDFK LWHUDWLRQ
,Q RWKHU ZRUGV WKH DOJRULWKP PD\ LQFUHDVH WKH VL]H RI WKH WUXVW UHJLRQ LI WKH DSSUR[LPDWLRQ GRHV
ZHOO DQG YLFH YHUVD 7KRXJK LW ZDV RULJLQDOO\ GHYHORSHG IRU XQFRQVWUDLQHG SUREOHPV *D\ 
H[WHQGHG WKH WUXVW UHJLRQ PHWKRG WR FRQVWUDLQHG RSWLPL]DWLRQ )RU DGGLWLRQDO GLVFXVVLRQ RI JHQ
HUDO WUXVW UHJLRQ DOJRULWKPV VHH 6RUHQVHQ  /LQ 	 0RUH  &RQQ HW DO  &KDS 
&KDS  RU <XDQ 
7KLV SDSHU DGRSWV D JHQHUDO DOJRULWKP RXWOLQHG LQ /LQ 	 0RUH  7KH UHDGHU LV UHIHUUHG
WR D UHYLHZ DUWLFOH <XDQ  IRU D EURDG GLVFXVVLRQ RI SRVVLEOH WUXVW UHJLRQ LPSOHPHQWDWLRQV
0RVW UHTXLUH WKH JUDGLHQW ∇/ DQG +HVVLDQ ∇/ RI WKH FRVW IXQFWLRQ )RU UHIHUHQFH WKHVH HTXD

WLRQV DUH OLVWHG EHORZ IRU WKH JHRVWDWLVWLFDO DSSURDFK
∇/V,շ = −+
75−(]−+V) + 

*V
∇/V,շ = * +


+75−+ 
* = 4− − 4−;(;74−;)−;74−.
7R FRQVWUXFW WKHVH HTXDWLRQV ZH WDNH WKH GHULYDWLYH RI WKH RULJLQDO FRVW IXQFWLRQ (T  ZLWK
UHVSHFW WR շ DQG VHW WKLV GHULYDWLYH HTXDO WR ]HUR .LWDQLGLV  :H WKHQ UHDUUDQJH WKH FRVW
IXQFWLRQ WR RPLW WKH XQNQRZQ GULIW FRHIÀFLHQWV շ 7KH UHVXOWLQJ +HVVLDQ DQG JUDGLHQW DERYH DUH
ZULWWHQ RQO\ LQ WHUPV RI WKH XQNQRZQ YHFWRU V 5RGJHUV  SUHVHQWV DQDORJRXV HTXDWLRQV IRU
D SULRU PRGHO VHWXS WKDW KDV SUHGHWHUPLQHG FRHIÀFLHQWV շ
 0&0& DOJRULWKPV DSSOLHG WR ERXQGHG LQYHUVLRQV
7KH IROORZLQJ VHFWLRQV GLVFXVV WZR SRVVLEOH 0&0& LPSOHPHQWDWLRQV IRU LQHTXDOLW\FRQVWUDLQHG
SUREOHPV ,Q JHQHUDO 0&0& DOJRULWKPV PDNH LW SRVVLEOH WR JHQHUDWH UHDOL]DWLRQV RI WKH XQ
NQRZQ TXDQWLW\ IURP KLJKGLPHQVLRQDO SUREDELOLW\ GHQVLW\ IXQFWLRQV 7KHVH DOJRULWKPV PDNH
SUREOHPV ZLWK QRQ*DXVVLDQ GLVWULEXWLRQV DQGRU FRPSOH[ MRLQW SGIV WUDFWDEOH HJ $QGULHX
HW DO 
0&0& DOJRULWKPV VLPXODWH D 0DUNRY FKDLQ ZLWK DQ HTXLOLEULXP GLVWULEXWLRQ WKDW PDWFKHV
WKH GLVWULEXWLRQV RI WKH TXDQWLWLHV EHLQJ HVWLPDWHG 7KH PHWKRGV UHO\ RQ WKH JHQHUDWLRQ RI FRQ
GLWLRQDO UHDOL]DWLRQV HDFK UHDOL]DWLRQ LV D JXHVV RI WKH XQNQRZQ HJ V WKDW VKRXOG UHSUHVHQW
D UDQGRP GUDZ IURP WKH SRVWHULRU SUREDELOLW\ GLVWULEXWLRQ 7KH DOJRULWKPV FUHDWH D QHZ UHDO
L]DWLRQ EDVHG RQO\ XSRQ WKH SUHYLRXV RQH DQG WKH PHDQV RI GRLQJ VR GLIIHUHQWLDWH WKH YDULRXV
0&0& PHWKRGV 0DQ\ FRQGLWLRQDO UHDOL]DWLRQV DUH W\SLFDOO\ JHQHUDWHG WR DGHTXDWHO\ VDPSOH
RU UHSUHVHQW WKH HTXLOLEULXP GLVWULEXWLRQ *H\HU  7KH SRLQWZLVH SURSHUWLHV RI WKH HTXL

OLEULXP SUREDELOLW\ GHQVLW\ HJ PHDQ PHGLDQ SHUFHQWLOHV VWDQGDUG GHYLDWLRQ FDQ EH XVHG WR
UHSUHVHQW WKH VWDWLVWLFV RI WKH XQNQRZQ VWDWH LQFOXGLQJ LWV XQFHUWDLQWLHV $ WKRURXJK LQWURGXF
WLRQ WR 0&0& DSSURDFKHV LV JLYHQ E\ *H\HU 
0&0& PHWKRGV FDQ DOVR EH XVHG IRU WKH VROXWLRQ RI ERXQGHG SUREOHPV (DFK LQGLYLGXDO UHDO
L]DWLRQ RI WKH XQNQRZQ TXDQWLW\ LV UHVWULFWHG E\ WKH LQHTXDOLW\ FRQVWUDLQWV *HOIDQG HW DO 
HQVXULQJ WKDW ERWK WKH SRVWHULRU EHVW HVWLPDWH DQG DVVRFLDWHG XQFHUWDLQWLHV ZLOO KRQRU NQRZQ
SK\VLFDO OLPLWV
0HWURSROLV²+DVWLQJV
0HWURSROLV²+DVWLQJV DOJRULWKPV KDYH EHFRPH ZLGHVSUHDG LQ %D\HVLDQ VWDWLVWLFV VHH &KLE 	
*UHHQEHUJ  %ROVWDG  IRU LQGHSWK GLVFXVVLRQ 7KH PRGHOHU XVHV DQ H[LVWLQJ DFFHSWHG
UHDOL]DWLRQ RI WKH XQNQRZQ TXDQWLW\ LQ WKLV FDVH V WR JHQHUDWH D QHZ SURSRVHG UHDOL]DWLRQ ZLWK
D 0DUNRY FKDLQ ZKRVH SURSHUWLHV DUH GHÀQHG E\ WKH PRGHOHU 2QH SRVVLEOH DSSURDFK PLJKW JHQ
HUDWH PDQ\ UHDOL]DWLRQV RI V E\ XVLQJ VOLJKWO\ PRGLÀHG LQSXWV IRU (T  ,QVWHDG RI XVLQJ ] LQ
(T  VDPSOH UDQGRPO\ IURP N (],5) ,QVWHDG RI XVLQJ ([V] XVH UDQGRP VHTXHQWLDOO\ FRUUH
ODWHG VDPSOHV IURP N (([V],4) VHH WKH 6XSSOHPHQW IRU IXUWKHU GLVFXVVLRQ
(DFK VXEVHTXHQW SURSRVHG UHDOL]DWLRQ LV DFFHSWHG RU GLVFDUGHG EDVHG RQ LWV OLNHOLKRRG UHODWLYH
WR WKH SUHYLRXV DFFHSWHG UHDOL]DWLRQ 5HDOL]DWLRQV ZLWK D UHODWLYH OLNHOLKRRG JUHDWHU WKDQ RQH DUH
DOZD\V DFFHSWHG ZKLOH WKRVH ZLWK D UHODWLYHO\ OLNHOLKRRG OHVV WKDQ RQH DUH RQO\ VRPHWLPHV DF
FHSWHG $ ODUJH QXPEHU RI UHDOL]DWLRQV LV VHTXHQWLDOO\ JHQHUDWHG LQ WKLV ZD\ WR VDPSOH DFURVV WKH
SUREDELOLW\ VSDFH RI WKH XQNQRZQ LQ WKLV FDVH WKH SRVWHULRU SUREDELOLW\ GLVWULEXWLRQ RI V
7KH PRGHOHU PXVW FDUHIXOO\ EDODQFH WZR FRQVLGHUDWLRQV ZKHQ SURSRVLQJ QHZ UHDOL]DWLRQV ,I
HDFK SURSRVHG UHDOL]DWLRQ LV WRR FORVH WR WKH SUHYLRXV DFFHSWHG UHDOL]DWLRQ WKH DOJRULWKP ZLOO
VDPSOH WKH SUREDELOLW\ VSDFH YHU\ VORZO\ +RZHYHU LI WKH SURSRVHG UHDOL]DWLRQ LV WRR IDU IURP WKH
SUHYLRXV DFFHSWHG UHDOL]DWLRQ LW ZLOO OLNHO\ KDYH D ORZ UHODWLYH OLNHOLKRRG DQG EH UHMHFWHG HJ

&KLE 	 *UHHQEHUJ 
$ QXPEHU RI VWXGLHV KDYH LPSOHPHQWHG WKH JHQHUDO DOJRULWKP ZLWK DQ DGDSWDWLRQ IRU LQHTXDO
LW\ FRQVWUDLQWV ERWK LQ K\GURORJ\ HJ 0LFKDODN 	 .LWDQLGLV  :DQJ 	 =DEDUDV  =DQLQL
	 .LWDQLGLV  DQG PRUH UHFHQWO\ LQ WKH DWPRVSKHULF VFLHQFHV HJ 5LJE\ HW DO  %XUURZV
HW DO 
7KH FLWHG K\GURORJ\ VWXGLHV XVH DQ LPSOHPHQWDWLRQ VXLWDEOH IRU ODUJH SUREOHPV UHIHU WR WKH
6XSSOHPHQW )RU WKH VSHFLÀF LPSOHPHQWDWLRQ LQ WKHVH VWXGLHV HDFK SURSRVHG UHDOL]DWLRQ LV ÀUVW
FRQVWUDLQHG WR EH QRQQHJDWLYH ZLWK /DJUDQJH PXOWLSOLHUV EHIRUH EHLQJ WHVWHG IRU DFFHSWDQFH 7KLV
LPSOHPHQWDWLRQ LV D FRPSURPLVH EHWZHHQ D SXUHO\ VWRFKDVWLF DSSURDFK WKDW ZRXOG UHSUHVHQW
DOO HOHPHQWV DV FRQWLQXRXV UDQGRP YDULDEOHV DQG WKH PHWKRG RI /DJUDQJH PXOWLSOLHUV WKDW FRP
SOHWHO\ UHPRYHV VRPH HOHPHQWV IURP WKH RSWLPL]DWLRQ
7KRXJK LGHDO IRU VPDOO SUREOHPV 0HWURSROLV²+DVWLQJV DOJRULWKPV FDQ RIWHQ EHFRPH VWXFN LQ
ORFDO UHJLRQV RI KLJK SUREDELOLW\ ZKHQ WKHUH DUH PDQ\ TXDQWLWLHV EHLQJ HVWLPDWHG LH ZKHQ P
LV ODUJH 7KH DFFHSWDQFH UDWH FDQ EHFRPH VR VPDOO DV WR PDNH LPSOHPHQWDWLRQ LPSUDFWLFDO /LX
HW DO  7KLV VWXG\ LPSOHPHQWV D PXOWLSOHWU\ 0HWURSROLV²+DVWLQJV DOJRULWKP /LX HW DO
 VXLWDEOH IRU ODUJHUVFDOH LQYHUVH SUREOHPV GHVFULEHG IXOO\ LQ WKH 6XSSOHPHQW
*LEEV VDPSOHU
8QOLNH WKH 0HWURSROLV²+DVWLQJV DOJRULWKP WKH *LEEV VDPSOHU FDOFXODWHV D QHZ UHDOL]DWLRQ IRU
HDFK HOHPHQW RI WKH XQNQRZQ VWDWH VHTXHQWLDOO\ LQ WKLV FDVH HDFK RI P HOHPHQWV LQ V 7KLV PHWKRG
LQYROYHV FDOFXODWLQJ D SUREDELOLW\ GLVWULEXWLRQ IRU DQ LQGLYLGXDO HOHPHQW RI V FRQGLWLRQDO RQ WKH
FXUUHQW UHDOL]DWLRQ IRU DOO RWKHU HOHPHQWV 7KH DOJRULWKP WDNHV D UDQGRP VDPSOH IURP WKH HOHPHQW
ZLVH FRQGLWLRQDO SUREDELOLW\ GHQVLW\ DQG WKLV VDPSOH EHFRPHV WKH QHZ JXHVV IRU WKH JLYHQ HOH
PHQW 8VLQJ WKLV PHWKRG WKH *LEEV VDPSOHU VHTXHQWLDOO\ FDOFXODWHV D FRQGLWLRQDO GLVWULEXWLRQ
DQG UDQGRP VDPSOH IRU HDFK RI P HOHPHQWV LQ V XQWLO DQ HQWLUH QHZ IXOO FRQGLWLRQDO UHDOL]DWLRQ

KDV EHHQ IRUPHG VHH WKH 6XSSOHPHQW /LNH WKH 0HWURSROLV²+DVWLQJV DOJRULWKP WKH *LEEV VDP
SOHU UHTXLUHV JHQHUDWLQJ D ODUJH QXPEHU RI FRQGLWLRQDO UHDOL]DWLRQV DQG WKH VWDWLVWLFV RI WKHVH
UHDOL]DWLRQV FDQ EH XVHG WR GHÀQH D EHVW HVWLPDWH DQG DVVRFLDWHG XQFHUWDLQWLHV )RU DQ LQGHSWK
UHYLHZ RI WKH *LEEV VDPSOHU UHIHU WR &DVHOOD 	 *HRUJH  RU %ROVWDG  &KDS 
6HYHUDO VWXGLHV LQ K\GURORJ\ DSSO\ *LEEV VDPSOHU PHWKRGV WR FRQVWUDLQHG LQYHUVH SUREOHPV
HJ 0LFKDODN 	 .LWDQLGLV  :DQJ 	 =DEDUDV  )LHQHQ HW DO  0LFKDODN 
0LFKDODN  GHVFULEHV D ÁH[LEOH LPSOHPHQWDWLRQ LQ WKH FRQWH[W RI JURXQGZDWHU SUREOHPV WKDW
FDQ LQFRUSRUDWH DQ\ NLQG RI VSDWLDO RU WHPSRUDO FRUUHODWLRQ LQ WKH D SULRUL FRYDULDQFH PDWUL[ 4
DQG WKLV LPSOHPHQWDWLRQ LV DGDSWHG IRU WKH FDVH VWXG\ KHUH 7KH LPSOHPHQWDWLRQ XVHV D PXOWL
GLPHQVLRQDO WUXQFDWHG QRUPDO DV WKH SULRU SGI 0LFKDODN  +RZHYHU EHFDXVH WKH *LEEV
VDPSOHU XVHV HOHPHQWZLVH SGIV LW DYRLGV WKH PDWKHPDWLFDO FKDOOHQJH RI H[SOLFLWO\ PD[LPL]LQJ
D KLJKGLPHQVLRQDO WUXQFDWHG SGI 7KH DSSURDFK WKHUHE\ HQIRUFHV WKH LQHTXDOLW\ FRQVWUDLQWV LQ D
FRPSXWDWLRQDOO\ WUDFWDEOH PDQQHU
7KH LPSOHPHQWDWLRQ LQ WKLV VWXG\ GLIIHUV IURP 0LFKDODN  LQ RQH LPSRUWDQW ZD\ 6RPH
UHJLRQV RI WKH 8QLWHG 6WDWHV DQG &DQDGD KDYH ]HUR DQWKURSRJHQLF PHWKDQH HPLVVLRQV DQG ZH
DOWHU WKH VKDSH RI WKH SGIV WR DOORZ D KLJK SUREDELOLW\ DW ]HUR 7KH LPSOHPHQWDWLRQ KHUH GUDZV
D UDQGRP VDPSOH IURP D *DXVVLDQ FRQGLWLRQDO GLVWULEXWLRQ IRU VHTXHQWLDO HOHPHQWV LQ V ,I WKH
VDPSOH LV SRVLWLYH LW EHFRPHV WKH QHZ UHDOL]DWLRQ IRU WKDW HOHPHQW RI V ,I WKH VDPSOH LV QHJDWLYH
ZH XVH ]HUR DV WKH UHDOL]DWLRQ IRU WKDW HOHPHQW 7KH DSSURDFK LV HTXLYDOHQW WR PRGHOLQJ WKH SULRU
DQG VXEVHTXHQWO\ WKH SRVWHULRU GLVWULEXWLRQV DV WUXQFDWHG *DXVVLDQ ZLWK DQ DGGHG 'LUDF GHOWD
D IXQFWLRQ WKDW LV ]HUR DW HYHU\ SRLQW H[FHSW ]HUR 7KLV PRGLÀFDWLRQ UHODWLYH WR 0LFKDODN 
UHVXOWV LQ D SHDN LQ WKH SRVWHULRU GHQVLWLHV DW ]HUR

 0HWKDQH FDVH VWXG\ VHWXS
$ V\QWKHWLF FDVH VWXG\ RI HVWLPDWLQJ 86 DQWKURSRJHQLF PHWKDQH HPLVVLRQV LOOXVWUDWHV WKH FRP
SDUDWLYH GUDZEDFNV DQG EHQHÀWV RI WKH DSSURDFKHV GHVFULEHG DERYH WKH SRZHU WUDQVIRUPDWLRQ
/DJUDQJH PXOWLSOLHUV DQG WZR 0&0& LPSOHPHQWDWLRQV ZLWK DQ XQFRQVWUDLQHG LQYHUVLRQ IRU
FRPSDULVRQ 7KH V\QWKHWLF VWXG\ VHWXS XVHV DQ H[LVWLQJ PHWKDQH HPLVVLRQV LQYHQWRU\ DQG D
PRGHO RI DWPRVSKHULF WUDQVSRUW WR FUHDWH DQ HVWLPDWLRQ SUREOHP ZLWK NQRZQ WUXH HPLVVLRQV 7KH
SUHVFULEHG PHWKDQH HPLVVLRQV DUH DOZD\V QRQQHJDWLYH VR WKH FRQVWUDLQWV RQ WKLV LQYHUVLRQ DUH
VLPSOH WKH HVWLPDWHG HPLVVLRQV PXVW DOVR EH QRQQHJDWLYH O =  7KH UHPDLQGHU RI WKLV VHFWLRQ
GHVFULEHV WKH FDVH VWXG\ VHWXS LQ GHWDLO
 0RGHO DQG V\QWKHWLF GDWD VHWXS
7KLV VWXG\ HPSOR\V D UHJLRQDOVFDOH SDUWLFOHIROORZLQJ PRGHO NQRZQ DV 67,/7 WKH 6WRFKDVWLF
7LPH,QYHUWHG /DJUDQJLDQ 7UDQVSRUW PRGHO /LQ HW DO  WR TXDQWLI\ WKH VHQVLWLYLW\ RI DWPR
VSKHULF REVHUYDWLRQV WR VXUIDFH VRXUFHV DQG WKHUHE\ WR HVWLPDWH WKH VHQVLWLYLW\ PDWUL[ + 67,/7
VLPXODWLRQV DUH GULYHQ E\ :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ :5) ZLQG ÀHOGV YHUVLRQ  6ND
PDURFN HW DO  ,Q RWKHU ZRUGV WKH FRPELQDWLRQ RI :5) DQG 67,/7 VHUYHV DV WKH IRUZDUG
PRGHO IRU WKH PHWKDQH FDVH VWXG\ 1HKUNRUQ HW DO  SURYLGH D GHWDLOHG GHVFULSWLRQ RI WKH
:5) ÀHOGV XVHG KHUH
:H XVH :5)67,/7 WR JHQHUDWH V\QWKHWLF PHWKDQH PL[LQJ UDWLRV LQ WKH VDPH ORFDWLRQV DV DLU
FUDIW DQG WDOO WRZHU REVHUYDWLRQ VLWHV LQ WKH 8QLWHG 6WDWHV  WRWDO REVHUYDWLRQV 7KH WRZHU
VLWHV DUH WKRVH LQ WKH 12$$ (DUWK 6\VWHPV 5HVHDUFK /DERUDWRU\ DQG '2( PRQLWRULQJ QHWZRUN
DQG DUH GLVSOD\HG LQ )LJ  $LUFUDIW GDWD LQFOXGH PHWKDQH PHDVXUHPHQWV IURP WKH 12$$
(DUWK 6\VWHPV 5HVHDUFK /DERUDWRU\ DLUFUDIW SURJUDP DW D YDULHW\ RI ORFDWLRQV RYHU 1RUWK $PHU
LFD '2( ÁLJKWV RYHU WKH 86 VRXWKHUQ *UHDW 3ODLQV %LUDXG HW DO  DQG REVHUYDWLRQV IURP

Synthetic emissions (EDGAR v. 3.2)Measurement sites
μmol m-2 s-1
0.00
0.01
0.02
0.03
0.04
>.05
232 obs.
25
35
45
55
−130 −110 −90 −70 −130 −110 −90 −70
218 obs.
137 obs. 44 obs.
42 obs.
244 obs.
166 obs.
138 obs.
44 obs.
Tower site (1265 obs.)
Aircraft (3335 obs.)
)LJXUH  7KH V\QWKHWLF PHDVXUHPHQWV DQG V\QWKHWLF HPLVVLRQV XVHG LQ WKLV VWXG\ %OXH QXPEHUV OHIW
LQGLFDWH WKH REVHUYDWLRQ FRXQW DW HDFK WRZHU VLWH 7KH UHG ER[ ULJKW GLVSOD\V WKH UHJLRQ UHSUHVHQWHG LQ
7DEOH 
WKH 67$57 PHDVXUHPHQW FDPSDLJQ 3DQ HW DO  7KLV VWXG\ LQFOXGHV RQO\ DLUFUDIW PHD
VXUHPHQWV ZLWKLQ P RI WKH JURXQG ² PHDVXUHPHQWV WKDW DUH FRQVLVWHQWO\ VHQVLWLYH WR VXUIDFH
ÁX[HV VHH )LJ  0LOOHU HW DO 
7KH VWXG\ JHQHUDWHV V\QWKHWLF PHWKDQH PHDVXUHPHQWV XVLQJ WKH ('*$5 Y )7 DQ
WKURSRJHQLF LQYHQWRU\ 2OLYLHU 	 3HWHUV  1HZHU ('*$5 LQYHQWRULHV DUH DYDLODEOH HJ
('*$5 Y EXW WRSGRZQ VWXGLHV VXJJHVW WKDW YHUVLRQ  EHVW FDSWXUHV WKH PDJQLWXGH RI DQ
WKURSRJHQLF VRXUFHV RYHU WKH 8QLWHG 6WDWHV .RUW HW DO  0LOOHU HW DO  VHH )LJ 
:H DGG QRLVH WR HDFK V\QWKHWLF PHDVXUHPHQW UDQGRPO\ VDPSOHG IURP WKH PRGHO²GDWD PLV
PDWFK FRYDULDQFH PDWUL[ 5 ZLWK GLDJRQDO HOHPHQWV ֆ5 7KH FRPSDQLRQ VWXG\ 0LOOHU HW DO 
VWDWLVWLFDOO\ LQIHUV WKLV LQIRUPDWLRQ IURP LQ VLWX PHWKDQH PHDVXUHPHQWV XVLQJ UHVWULFWHG PD[L
PXP OLNHOLKRRG HVWLPDWLRQ 5(0/ HJ .LWDQLGLV 	 /DQH  0LFKDODN HW DO  7DEOH 
VXPPDUL]HV WKH PRGHO²GDWD PLVPDWFK YDOXHV LQIHUUHG IRU WKH WRZHUV DQG DLUFUDIW

7DEOH  &RYDULDQFH PDWUL[ SDUDPHWHUV 1RWH (DFK WRZHU KDV D GLIIHUHQW HVWLPDWHG ֆ5 5HIHU WR 0LOOHU
HW DO  )XUWKHUPRUH LQ WKH FDVH RI WKH SRZHU WUDQVIRUP ZH VHW ն =  7KLV YDOXH EULQJV WKH SRVWHULRU
HPLVVLRQV HVWLPDWH FORVHVW WR EHLQJ QRUPDOO\ GLVWULEXWHG LQ WKH WUDQVIRUPHG VSDFH
3DUDPHWHU 9DOXH
ֆ5,WRZHU SSE ²
ֆ5,DLUFUDIW 
8QWUDQVIRUPHG VSDFH
ֆ4 ۚPRO P−V− 
O NP 
7UDQVIRUPHG VSDFH ն = 
ֆ4 
O 
7DEOH  (DVWHUQ 86&DQDGD DQWKURSRJHQLF EXGJHWV DQG  FRQÀGHQFH LQWHUYDOV 7J&PRQWK− IRU
WKH WUXH V\QWKHWLF HPLVVLRQV DQG LQYHUVLRQ HVWLPDWHV
7\SH %XGJHW  RI WUXH HPLVV HQFDSVXODWHG
LQ WKH JLYHQ FRQÀGHQFH LQWHUYDO
 
7UXH HPLVVLRQV .
8QFRQVWUDLQHG LQYHUVLRQ .± .  
7UDQVIRUP .± .  
/DJUDQJH PXOWLSOLHUV .
0HWURSROLV²+DVWLQJV .± .  
*LEEV VDPSOHU .± .  
 7KH LQYHUVLRQ VHWXS
7KH LQYHUVLRQ FRYHUV PXFK RI 1RUWK $PHULFD ²◦ 1 ODWLWXGH ²◦ : ORQJLWXGH RQ D ◦×◦
VSDWLDO UHVROXWLRQ RYHU WKH PRQWKV 0D\²6HSWHPEHU  $QWKURSRJHQLF PHWKDQH VRXUFHV GR QRW
FKDQJH PDUNHGO\ IURP RQH VHDVRQ WR DQRWKHU 0LOOHU HW DO  7KHUHIRUH WKH V\QWKHWLF GDWD
VWXG\ KHUH HVWLPDWHV D VLQJOH VHW RI HPLVVLRQV RYHU WKH HQWLUH ÀYHPRQWK SHULRG
$OO LQYHUVLRQV SUHVHQWHG KHUH XWLOL]H DQ XQLQIRUPDWLYH SULRU HJ 0LFKDODN HW DO  0XHOOHU
HW DO  ,Q RWKHU ZRUGV WKH LQYHUVLRQ SULRU LV D VLQJOH XQNQRZQ FRQVWDQW DFURVV WKH HQWLUH

JHRJUDSKLF LQYHUVLRQ GRPDLQ 7KLV PHWKRG PDNHV DV IHZ D SULRUL DVVXPSWLRQV DV SRVVLEOH DQG
UHOLHV RQ WKH DWPRVSKHULF GDWD WR WKH IXOOHVW H[WHQW WR LQIHU LQIRUPDWLRQ DERXW WKH HPLVVLRQV 7KLV
IUDPHZRUN LV SDUWLFXODUO\ ZHOO VXLWHG WR D V\QWKHWLF GDWD VWXG\ DQ\ D SULRUL LQYHQWRU\ ZRXOG EH
DUELWUDU\ VLQFH WKH WUXH HPLVVLRQV DUH DOUHDG\ NQRZQ
'HVSLWH WKH ODFN RI LQIRUPDWLRQ LQ WKH SULRU LWVHOI WKH LQYHUVLRQ LQFRUSRUDWHV LPSRUWDQW VWUXF
WXUDO LQIRUPDWLRQ DERXW WKH ÁX[HV LQ WKH D SULRUL FRYDULDQFH PDWUL[ 4 6SHFLÀFDOO\ WKH GLDJR
QDO HOHPHQWV RI 4 GHVFULEH WKH WRWDO YDULDELOLW\ RI WKH ÁX[HV ֆ4 ² WKH YDULDQFH RYHU ORQJ VSDWLDO
VFDOHV DQG WKH RIIGLDJRQDO HOHPHQWV GHVFULEH WKH GHJUHH RI VSDWLDO FRUUHODWLRQ LQ WKH SRVWHULRU
ÁX[ ÀHOG DVVXPLQJ DQ H[SRQHQWLDO FRYDULDQFH IXQFWLRQ 7KH VSDWLDO FKDUDFWHULVWLFV RI WKH NQRZQ
HPLVVLRQV ÀHOG DUH OLVWHG LQ 7DEOH  DQG DUH XVHG WR FRQVWUXFW 4 ֆ4 DQG O WKH GHFRUUHODWLRQ
OHQJWK SDUDPHWHU 7KH SDUDPHWHUV IRU WKH XQWUDQVIRUPHG VSDFH DUH XVHG LQ WKH XQFRQVWUDLQHG
0HWURSROLV²+DVWLQJV DQG *LEEV VDPSOHU LQYHUVLRQV
 5HVXOWV DQG GLVFXVVLRQ
7KH LQYHUVLRQ LPSOHPHQWDWLRQV GLVFXVVHG LQ WKLV VWXG\ SURGXFH YDULDEOH UHVXOWV $OO PHWKRGV
SODFH ODUJH PHWKDQH HPLVVLRQV LQ .HQWXFN\ :HVW 9LUJLQLD DQG DORQJ WKH HDVWHUQ VHDERDUG VLP
LODU WR WKH WUXH V\QWKHWLF ÁX[HV VHH )LJ  EXW WKH PHWKRGV GLIIHU LQ PDQ\ RWKHU UHJDUGV 7KH
UHPDLQGHU RI WKLV VHFWLRQ KLJKOLJKWV WKHVH GLIIHUHQFHV WR LOOXVWUDWH WKH UHODWLYH PHULWV RI HDFK DS
SURDFK
 8QFRQVWUDLQHG LQYHUVLRQ
7KH XQFRQVWUDLQHG FDVH FDXVHV VHYHUDO XQGHVLUDEOH VLGH HIIHFWV LQFOXGLQJ EXW QRW OLPLWHG WR QHJ
DWLYH HPLVVLRQV HVWLPDWHV )LJ  ,W PD\ DSSHDU FRXQWHULQWXLWLYH WKDW WKH HPLVVLRQV HVWLPDWH
ˆV FRXOG KDYH QHJDWLYH FRPSRQHQWV ZKHQ WKH REVHUYDWLRQV ] DQG PRGHO WUDQVSRUW + FRQWDLQ

RQO\ SRVLWLYH HOHPHQWV +RZHYHU WKHVH QHJDWLYH HPLVVLRQV DUH QRW QHFHVVDULO\ FDXVHG E\ DQ\
YLRODWLRQ RI WKH VWDWLVWLFDO DVVXPSWLRQV LQ WKH LQYHUVLRQ 5DWKHU WKH HVWLPDWH ˆV PD\ FRQWDLQ QHJ
DWLYH HOHPHQWV GXH WR WKH HIIHFW RI PRGHO²GDWD PLVPDWFK HUURUV :KHQ WKHVH HUURUV DUH SUHVHQW
WKH JUDGLHQWV LQ WKH REVHUYDWLRQV FDQ EH FRQVLVWHQW ZLWK DGMDFHQW SRVLWLYH DQG QHJDWLYH VRXUFHV
,Q WKH PHWKDQH FDVH VWXG\ ZH V\QWKHWLFDOO\ JHQHUDWH PRGHO²GDWD PLVPDWFK HUURUV VR WKHVH HU
URUV DUH JXDUDQWHHG WR REH\ DOO DVVXPSWLRQV RI WKH VWDWLVWLFDO PRGHO 1HJDWLYH HPLVVLRQV LQ WKLV
FDVH FRXOG QRW EH FDXVHG E\ ELDVHV LQ ZLQG ÀHOGV FKHPLVWU\ RU E\ D ELDVHG SULRU ,Q WKLV VWXG\
WKH WUXH ZLQGV DUH NQRZQ FKHPLVWU\ LV DEVHQW DQG WKH JHRVWDWLVWLFDO LQYHUVH PRGHO GRHV QRW DV
VXPH DQ\ SULRU YDOXH IRU WKH HPLVVLRQV
$VLGH IURP XQUHDOLVWLF QHJDWLYH HPLVVLRQV WKH XQFHUWDLQWLHV DUH DOVR WRR ODUJH &RQGLWLRQDO UH
DOL]DWLRQV DQG FRQÀGHQFH LQWHUYDOV EDVHG RQ PXOWL*DXVVLDQ SUREDELOLWLHV H[WHQG ZHOO EH\RQG
WKH NQRZQ ERXQGV RQ WKH SUREOHP LH DUH QRW VWULFWO\ QRQQHJDWLYH HYHQ LQ UHJLRQV ZKHUH WKH
EHVW HVWLPDWH LWVHOI IDOOV ZLWKLQ WKHVH ERXQGV )LJ  )LJXUH  YLVXDOL]HV WKLV SUREOHP LQ WHUPV
RI WKH PDUJLQDO SUREDELOLW\ GLVWULEXWLRQV ² WKH SUREDELOLW\ RI DQ LQGLYLGXDO HOHPHQW LQ WKH HPLV
VLRQV ÀHOG LQWHJUDWLQJ RYHU DOO SRVVLEOH YDOXHV RI WKH UHPDLQLQJ HOHPHQWV (YHQ HPLVVLRQV HVWL
PDWHG RYHU VRXUFH UHJLRQV )LJ E LQFOXGH QHJDWLYH YDOXHV LQ WKH  FRQÀGHQFH LQWHUYDO
$GGLWLRQDOO\ WKH XQFRQVWUDLQHG FRQÀGHQFH LQWHUYDOV DQG FRQGLWLRQDO UHDOL]DWLRQV H[WHQG WRR
KLJK IRU UHDVRQV QRWHG LQ 6HFW  )LJXUH  VKRZV VDPSOH FRQGLWLRQDO UHDOL]DWLRQV IURP HDFK
PHWKRG (PLVVLRQV LQ WKH XQFRQVWUDLQHG UHDOL]DWLRQ H[WHQG ERWK ORZHU DQG KLJKHU WKDQ WKH UHDO
L]DWLRQV HVWLPDWHG E\ HLWKHU 0&0& DOJRULWKP
 'DWD WUDQVIRUPDWLRQV
7UDQVIRUPDWLRQV FDQ EH VWUDLJKWIRUZDUG WR LPSOHPHQW EXW WKLV FODVV RI PHWKRGV VNHZV WKH SURE
DELOLW\ GLVWULEXWLRQV LQ WKH LQYHUVLRQ WKUHH RI WKH PRVW LPSRUWDQW LPSOLFDWLRQV DUH GLVFXVVHG
KHUH )LUVW WKH SRVWHULRU FRYDULDQFHV HJ SULRU DQG SRVWHULRU XQFHUWDLQWLHV FDQQRW EH GLUHFWO\

WUDQVIRUPHG EDFN WR QRUPDO VSDFH LQVWHDG XSSHU DQG ORZHU HVWLPDWLRQ ERXQGV LH SHUFHQWLOHV
PXVW EH EDFNWUDQVIRUPHG WR SURGXFH SRVWHULRU FRQÀGHQFH LQWHUYDOV ,Q RWKHU ZRUGV WKH FRYDUL
DQFHV EHFRPH FHQWUDOYDOXHGHSHQGHQW DQG DUH RWKHUZLVH GLIÀFXOW WR SK\VLFDOO\ LQWHUSUHW LQ EDFN
WUDQVIRUPHG XQLWV 6HFRQG EHFDXVH WKH FRYDULDQFHV DUH FHQWUDOYDOXHGHSHQGHQW LW FDQ EH GLIÀ
FXOW WR HVWLPDWH WKH D SULRUL FRYDULDQFH PDWUL[ 4 LQ WKH WUDQVIRUPHG VSDFH SDUWLFXODUO\ IRU WZR
RI WKH PRVW FRPPRQ HVWLPDWLRQ PHWKRGV 2QH FRXOG XVH H[LVWLQJ NQRZOHGJH RI WKH HPLVVLRQV
WR HVWLPDWH WKH FRYDULDQFHV EXW WKLV DSSURDFK EHFRPHV GLIÀFXOW ZKHQ WKH FRYDULDQFH PDWUL[ KDV
OLWWOH SK\VLFDO PHDQLQJ LQ WKH WUDQVIRUPHG VSDFH 7KH FRYDULDQFH PDWULFHV FDQ DOVR EH LQIHUUHG
IURP WKH GDWD DQG PRGHO LWVHOI XVLQJ VWDWLVWLFDO DSSURDFKHV VXFK DV 5(0/ 7KH WUDQVIRUPDWLRQ
QHFHVVLWDWHV LWHUDWLQJ EHWZHHQ FRYDULDQFH SDUDPHWHU HVWLPDWLRQ DQG ÁX[ HVWLPDWLRQ XQWLO ERWK
FRQYHUJH 6QRGJUDVV 	 .LWDQLGLV  7KH QRQOLQHDULWLHV FUHDWHG E\ WKH WUDQVIRUPDWLRQ RIWHQ
KLQGHU FRQYHUJHQFH
7KLUG WKH VNHZQHVV LPSOLHG E\ WKH SRZHU WUDQVIRUPDWLRQ LV LQ PDQ\ FDVHV QRW UHSUHVHQWDWLYH
RI DFWXDO XQFHUWDLQWLHV LQ WKH HPLVVLRQV EHVW HVWLPDWH 7KH XQFHUWDLQWLHV FDQ EHFRPH WRR ODUJH LQ
UHJLRQV RI KLJK HPLVVLRQV DQG WRR VPDOO LQ UHJLRQV RI ORZ HPLVVLRQV )LJ  HJ 6QRGJUDVV 	
.LWDQLGLV  )LHQHQ HW DO  0XOOHU 	 6WDYUDNRX  )RU H[DPSOH FRQGLWLRQDO UHDOL]D
WLRQV IROORZ WKH ORZHU ERXQGV LQ WKH PHWKDQH FDVH VWXG\ EXW SURGXFH HVWLPDWHV RI WKH VRXUFHV
WKDW DUH WRR ODUJH LQ VRPH KLJKHPLVVLRQV DUHDV $V D UHVXOW WKH EDFNWUDQVIRUPHG FRQGLWLRQDO
UHDOL]DWLRQV KDYH DQ DYHUDJH HDVWHUQ 86 EXGJHW RI . ± . 7J & PRQWK− 7KH PHDQ RI WKHVH UH
DOL]DWLRQV LV PXFK KLJKHU WKDQ WKH HPLVVLRQV EHVW HVWLPDWH IRU WKH WUDQVIRUP LQYHUVLRQ 7DEOH 
,Q WKLV FDVH WKH EHVW HVWLPDWH LV FRPSXWHG E\ PLQLPL]LQJ WKH LQYHUVLRQ FRVW IXQFWLRQ GLUHFWO\ ,Q
FRQWUDVW WKH PHDQ RI WKH FRQGLWLRQDO UHDOL]DWLRQV LV LGHQWLFDO WR WKH HPLVVLRQV EHVW HVWLPDWH IRU
DOO RWKHU PHWKRGV GLVFXVVHG LQ WKLV SDSHU ,Q DGGLWLRQ WKH DYHUDJH XQFHUWDLQWLHV LQ 7DEOH  DUH
ODUJHU WKDQ DQ\ RWKHU PHWKRG \HW WKHVH XQFHUWDLQWLHV FDSWXUH D ORZHU SHUFHQWDJH RI WKH V\QWKHWLF
ÁX[HV DW JULG VFDOH WKDQ RWKHU PHWKRGV 7KHVH SLWIDOOV LOOXVWUDWH GLIÀFXOWLHV LQ LQWHUSUHWLQJ XQFHU

WDLQWLHV RU UHDOL]DWLRQV LQ WKH SRZHU WUDQVIRUP FDVH 6QRGJUDVV 	 .LWDQLGLV  )LHQHQ HW DO
 DQG 0XOOHU 	 6WDYUDNRX  SURYLGH IXUWKHU GLVFXVVLRQ RQ VHYHUDO RI WKH DERYH FKDO
OHQJHV DVVRFLDWHG ZLWK GDWD WUDQVIRUPDWLRQV
 /DJUDQJH PXOWLSOLHUV
7KH HPLVVLRQV HVWLPDWHG YLD /DJUDQJH PXOWLSOLHUV UHSURGXFH WKH PDJQLWXGH DQG GLVWULEXWLRQ RI
WKH WUXH VRXUFHV 7KLV PHWKRG LV QRW WUXO\ VWRFKDVWLF KRZHYHU DQG UHPRYHV PDQ\ HOHPHQWV IURP
WKH RSWLPL]DWLRQ HQWLUHO\ HJ HPLVVLRQV RYHU PRVW RI 0DQLWRED 2QWDULR DQG 4XHEHF &DQDGD
LQ )LJ  $V VXFK WKHUH LV QR ZD\ WR FDOFXODWH HLWKHU XQFHUWDLQW\ ERXQGV RU FRQGLWLRQDO UHDO
L]DWLRQV XVLQJ WKLV DSSURDFK 7KH XQFHUWDLQWLHV DVVLJQHG WR WKH SRVWHULRU HPLVVLRQV DUH W\SLFDOO\
ERUURZHG IURP WKH XQFRQVWUDLQHG FDVH WKRXJK WKH XQFHUWDLQWLHV FRXOG EH ERUURZHG IURP DQ\
RWKHU PHWKRG +HQFH HVWLPDWLRQ YLD /DJUDQJH PXOWLSOLHUV UHVROYHV WKH SUREOHP RI XQUHDOLVWLF
HPLVVLRQV EXW LW GRHV QRW DGGUHVV WKH FKDOOHQJH RI HVWLPDWLQJ ERXQGHG SRVWHULRU XQFHUWDLQWLHV RU
FRQÀGHQFH LQWHUYDOV
 0&0& LPSOHPHQWDWLRQV
7KH 0&0& LPSOHPHQWDWLRQV GLVFXVVHG KHUH SURYLGH DQ DSSHDOLQJ RSWLRQ ZKHQ UREXVW XQFHU
WDLQW\ ERXQGV DUH D SULRULW\ LQ WKH DQDO\VLV %RWK RI WKH H[SORUHG LPSOHPHQWDWLRQV HQVXUH WKDW
WKH EHVW HVWLPDWH )LJ  FRQGLWLRQDO UHDOL]DWLRQV )LJ  DQG FRQÀGHQFH LQWHUYDOV UHVSHFW WKH
NQRZQ ERXQGV
%RWK 0&0& LPSOHPHQWDWLRQV SURGXFH PXFK QDUURZHU XQFHUWDLQW\ ERXQGV UHODWLYH WR WKH
RWKHU PHWKRGV )LJ  7DEOH  $V GLVFXVVHG LQ WKH LQWURGXFWLRQ WKH UHDVRQ IRU WKLV LV WZRIROG
)LUVW WKH FRQÀGHQFH LQWHUYDOV PXVW EH VPDOOHU EHFDXVH WKH\ FDQQRW LQFOXGH YDOXHV RXWVLGH WKH LQ
HTXDOLW\ FRQVWUDLQWV 6HFRQG LI WKH ORZHU UDQJH RI WKH FRQÀGHQFH LQWHUYDOV LV OLPLWHG WKHQ WKH

PD[LPXP HPLVVLRQV YDOXHV LQ WKH LQWHUYDO ZLOO DOVR EH OHVV H[WUHPH DQG YLFH YHUVD VHH 6HFW 
7KH XQFHUWDLQWLHV DUH VPDOOHU DQG \HW ² RI WKH V\QWKHWLF ÁX[HV VWLOO IDOO ZLWKLQ WKH LQYHU
VLRQ·V  FRQÀGHQFH LQWHUYDO 7DEOH  )RU WKHVH UHDVRQV WKH VPDOOHU FRQÀGHQFH LQWHUYDOV
HVWLPDWHG E\ WKH 0&0& LPSOHPHQWDWLRQV DUH PRVW UHDOLVWLF
7KH HVWLPDWHG HPLVVLRQV DQG PDUJLQDO GLVWULEXWLRQV ORRN YHU\ VLPLODU EHWZHHQ WKH WZR 0&0&
LPSOHPHQWDWLRQV EXW WKH PHWKRGV VKRZ VHYHUDO VXEWOH GLIIHUHQFHV 8QOLNH WKH *LEEV VDPSOHU
WKH LPSOHPHQWDWLRQ RI WKH 0HWURSROLV²+DVWLQJV DOJRULWKP KHUH XVHV /DJUDQJH PXOWLSOLHUV DQG
WKHUHIRUH GRHV QRW H[SOLFLWO\ PRGHO HYHU\ HOHPHQW RI V LQ HYHU\ UHDOL]DWLRQ DV D FRQWLQXRXV UDQ
GRP YDULDEOH $V D UHVXOW WKLV 0HWURSROLV²+DVWLQJV PHWKRG ZLOO DOZD\V SURGXFH D KLJK SURE
DELOLW\ DW WKH LQHTXDOLW\ FRQVWUDLQWV HJ )LJ  )RU VPDOOHU SUREOHPV LQ FRQWUDVW LW PD\ EH
IHDVLEOH WR XVH DQ\ VKDSH RI SULRU SGI WKDW LV GHÀQHG RQO\ ZLWKLQ WKH LQHTXDOLW\ FRQVWUDLQWV 7KDW
VHWXS ZRXOG PRGHO HYHU\ HOHPHQW RI V DV D FRQWLQXRXV UDQGRP YDULDEOH EXW WKH DSSURDFK ZRXOG
OLNHO\ EHFRPH FRPSXWDWLRQDOO\ LQWUDFWDEOH IRU ODUJHU SUREOHPV VHH WKH VXSSOHPHQW IRU IXUWKHU
GLVFXVVLRQ ,QVWHDG WKH 0HWURSROLV²+DVWLQJV LPSOHPHQWDWLRQ XVHG KHUH LV DQ H[WHQVLRQ RI /D
JUDQJH PXOWLSOLHUV WR FLUFXPVWDQFHV WKDW UHTXLUH ERXQGHG FRQÀGHQFH LQWHUYDOV 7KH *LEEV VDP
SOHU LPSOHPHQWDWLRQ SURGXFHV D VLPLODU SHDN LQ WKH SGI DW ]HUR GXH WR WKH 'LUDF GHOWD ,Q JHQHUDO
KRZHYHU WKH *LEEV VDPSOHU DOORZV PRUH ÁH[LELOLW\ LQ VHWWLQJ WKH VKDSH RI WKH PDUJLQDO GLVWULEX
WLRQV QHDU WKH ERXQGV
$SSURSULDWH GLVWULEXWLRQDO DVVXPSWLRQV DUH LPSRUWDQW IRU DQ\ W\SH RI LQYHUVLRQ DQG WKH LQ
YHUVLRQ ZLWK LQHTXDOLW\ FRQVWUDLQWV LV QR GLIIHUHQW 7KH *LEEV VDPSOHU LQ WKLV FDVH VWXG\ PRGHOV
WKH PDUJLQDO GLVWULEXWLRQV DV D WUXQFDWHG *DXVVLDQ ZLWK D 'LUDF GHOWD IXQFWLRQ VHH 6HFW  ,I
WKH ÁX[HV RU HPLVVLRQV DUH XQOLNHO\ WR EH ]HUR DQ LPSOHPHQWDWLRQ ZLWKRXW WKH 'LUDF GHOWD ZRXOG
EH PRUH VXLWDEOH
)XUWKHUPRUH WKH FKRLFH RI D WUXQFDWHG QRUPDO GLVWULEXWLRQ PD\ QRW DOZD\V EH DSSURSULDWH ,I
WKH WRWDO EXGJHW LV SRRUO\ FRQVWUDLQHG E\ WKH GDWD WKLV GLVWULEXWLRQDO FKRLFH FRXOG LQFUHDVH HV

WLPDWHG HPLVVLRQV LQ UHPRWH UHJLRQV IDU IURP PHDVXUHPHQW VLWHV $ *DXVVLDQ SGI WKDW KDV EHHQ
WUXQFDWHG DW ]HUR ZLOO KDYH D KLJKHU PHDQ WKDQ WKH HTXLYDOHQW IXOO *DXVVLDQ GLVWULEXWLRQ DQG
WKLV HIIHFW FDQ VKLIW WKH SRVWHULRU PHDQ LQ SRRUO\ FRQVWUDLQHG SUREOHPV 2QH VROXWLRQ FRXOG EH
WR À[ WKH GULIW FRHIÀFLHQWV շ DW SUHGHWHUPLQHG YDOXHV EXW WKHVH FRHIÀFLHQWV DUH UDUHO\ NQRZQ LQ
SUDFWLFH ,Q FRQWUDVW LI PHDVXUHPHQW VLWHV DUH VHQVLWLYH WR HPLVVLRQV DFURVV WKH HQWLUH JHRJUDSKLF
GRPDLQ DV LQGLFDWHG E\ + WKHQ HLWKHU GLVWULEXWLRQDO DVVXPSWLRQ ZLOO SURGXFH WKH VDPH WUDFH
JDV EXGJHW
7KH 0&0& LPSOHPHQWDWLRQV SURGXFH WKH PRVW UHDOLVWLF EHVW HVWLPDWH FRQGLWLRQDO UHDOL]DWLRQV
DQG XQFHUWDLQW\ ERXQGV EXW RQH GUDZEDFN FDQ EH FRPSXWDWLRQDO FRVW 7KH JHQHUDWLRQ RI M FRQGL
WLRQDO UHDOL]DWLRQV XVLQJ WKH *LEEV VDPSOHU UHTXLUHV D IRU ORRS ZLWK MP LWHUDWLRQV DQG M LV XVXDOO\
 RU JUHDWHU WR DGHTXDWHO\ VDPSOH WKH SRVWHULRU SUREDELOLW\ VSDFH 7KH FRPSXWDWLRQDO WLPH
RI WKH PXOWLSOHWU\ 0HWURSROLV²+DVWLQJV GHSHQGV RQ WKH FRQYHUJHQFH UDWH RI WKH /DJUDQJH PXO
WLSOLHU DOJRULWKP DQG RQ WKH QXPEHU RI WULDO UHDOL]DWLRQV GHQRWHG N VHH WKH 6XSSOHPHQW FRP
SXWHG LQ HDFK VWHS RI WKH PXOWLSOHWU\ LPSOHPHQWDWLRQ 7KH RIWHQ ODUJH UDWLR RI WULDO WR DFFHSWHG
UHDOL]DWLRQV PHDQV WKDW WKH PXOWLSOHWU\ 0HWURSROLV²+DVWLQJV PD\ EH OHVV HIÀFLHQW WKDQ WKH *LEEV
LPSOHPHQWDWLRQ 7KLV FRPSDULVRQ PD\ VHHP FRXQWHULQWXLWLYH EHFDXVH 0HWURSROLV²+DVWLQJV GRHV
QRW UHTXLUH WKH SRVWHULRU SGI WR EH VDPSOHG RQH HOHPHQW DW D WLPH DV LV WKH FDVH IRU WKH *LEEV
VDPSOHU
,Q JHQHUDO WKH FRPSXWDWLRQDO FRVW RI 0&0& DOJRULWKPV LQFUHDVHV ERWK ZLWK WKH QXPEHU RI
XQNQRZQ ÁX[HV P DQG WKH QXPEHU RI UHDOL]DWLRQV M UHTXLUHG WR VDPSOH WKH SRVWHULRU SUREDELO
LW\ VSDFH )XUWKHUPRUH WKH UHFRPPHQGHG QXPEHU RI UHDOL]DWLRQV FKDQJHV GHSHQGLQJ RQ WKH VL]H
RI WKH SUREOHP DQG WKH GHJUHH RI FRUUHODWLRQ DPRQJ VXFFHVVLYH LWHUDWLRQV *HOPDQ  SUR
YLGHV D QXPEHU RI JXLGHOLQHV IRU FKRRVLQJ WKLV QXPEHU 2QH DSSURDFK UHTXLUHV LQLWLDWLQJ PXO
WLSOH LQGHSHQGHQW 0DUNRY FKDLQV 7KH 0&0& DOJRULWKP UHDFKHV FRQYHUJHQFH ZKHQ HDFK LQGL
YLGXDO FKDLQ KDV D VLPLODU GLVWULEXWLRQ WR WKH FRPELQDWLRQ RI DOO FKDLQV 5HIHU WR *HOPDQ 

&KDS  IRU PRUH GHWDLO 3DUDOOHOL]DWLRQ FDQ DOVR DOOHYLDWH VRPH WLPH H[SHQVH IRU 0&0& DOJR
ULWKPV
,Q VXPPDU\ WKH *LEEV DQG 0HWURSROLV²+DVWLQJV LPSOHPHQWDWLRQV SURGXFH VLPLODU UHVXOWV
EXW WKH *LEEV VDPSOHU FDQ DIIRUG WZR DGYDQWDJHV JUHDWHU ÁH[LELOLW\ LQ GHWHUPLQLQJ WKH VKDSH RI
WKH PDUJLQDO GLVWULEXWLRQV DW WKH ERXQGV DQG UHGXFHG FRPSXWDWLRQDO WLPH IRU WKH FDVH H[DPLQHG
KHUH
 &RQFOXVLRQV
)RU LQYHUVH SUREOHPV ZLWK SDUDPHWHUV WKDW KDYH NQRZQ SK\VLFDO OLPLWV DQ XQFRQVWUDLQHG LQYHU
VLRQ SUHVHQWV GLIÀFXOWLHV WKDW JR EH\RQG MXVW DQ XQUHDOLVWLF HVWLPDWH DQG WKH FRPPRQ UHPHG\
RI XVLQJ GDWD WUDQVIRUPDWLRQV FDQ KDYH PDQ\ XQGHVLUDEOH VLGH HIIHFWV 7KLV VWXG\ XVHV DQWKUR
SRJHQLF PHWKDQH HPLVVLRQV DV D OHQV WR HYDOXDWH WKLV DSSURDFK DV ZHOO DV VHYHUDO OHVV FRPPRQ
DOWHUQDWLYH DSSURDFKHV
,QYHUVH SUREOHPV FDQ EH FRQVWUXFWHG WR KRQRU NQRZQ ERXQGV ZLWKRXW FRPSURPLVLQJ WKH LQ
WHJULW\ RI WKH HVWLPDWH /DJUDQJH PXOWLSOLHUV DUH D YLDEOH DSSURDFK IRU ODUJH SUREOHPV LQ ZKLFK
FRPSXWDWLRQDO WLPH LV SDUDPRXQW +RZHYHU WKLV PHWKRG GRHV QRW SURYLGH DQ H[SOLFLW PHDQV IRU
FDOFXODWLQJ XQFHUWDLQW\ ERXQGV 8QFHUWDLQWLHV DUH XVXDOO\ ERUURZHG IURP WKH XQFRQVWUDLQHG FDVH
LQVWHDG DQG WKHVH DUH JHQHUDOO\ XQUHDOLVWLFDOO\ ODUJH
0DUNRY FKDLQ 0RQWH &DUOR 0&0& PHWKRGV VKRZ WKH PRVW SURPLVH EXW DUH UDUHO\ DSSOLHG
LQ WKH H[LVWLQJ DWPRVSKHULF OLWHUDWXUH %RWK 0&0& LPSOHPHQWDWLRQV KHUH SURGXFH VLPLODU UH
VXOWV IRU WKH PHWKDQH FDVH VWXG\ EXW WKH *LEEV VDPSOHU RIIHUV EHWWHU FRPSXWDWLRQDO HIÀFLHQF\
DQG PRUH ÁH[LELOLW\ LQ GHWHUPLQLQJ WKH VKDSH RI SRVWHULRU SUREDELOLW\ DW WKH ERXQGV ,Q JHQHUDO
0&0& DOJRULWKPV FDQ EH DSSOLHG WR LQYHUVH SUREOHPV ZLWK NQRZQ ERXQGV WR SURGXFH WKH PRVW
UHDOLVWLF EHVW HVWLPDWHV FRQÀGHQFH LQWHUYDOV DQG FRQGLWLRQDO UHDOL]DWLRQV RI DQ\ RI WKH DIRUHPHQ

WLRQHG DSSURDFKHV

Posterior best estimate 84.1 - 15.9 percentiles 
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)LJXUH 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)LJXUH  7KH PDUJLQDO SRVWHULRU GHQVLW\ IRU WKH HVWLPDWH RI PHWKDQH HPLVVLRQV DW WKUHH LQGLYLGXDO OR
FDWLRQV &DVH D LV DQ HVWLPDWH RI HPLVVLRQV QRUWK RI 7KXQGHU %D\ 2QWDULR &DQDGD FDVH E LV RYHU ,Q
GLDQDSROLV ,QGLDQD DQG FDVH F LV RYHU HDVWHUQ .HQWXFN\ 7KH XQFRQVWUDLQHG FDVH LV SORWWHG DV D QRUPDO
GLVWULEXWLRQ DQG WKH RWKHU SORWWHG SUREDELOLW\ GHQVLWLHV DUH SURGXFHG E\ DSSO\LQJ D NHUQHO VPRRWKHU WR
WKH KLVWRJUDP RI UHDOL]DWLRQV 1RWH WKDW WKLV ÀJXUH GRHV QRW LQFOXGH WKH /DJUDQJH PXOWLSOLHUV FDVH EHFDXVH
WKLV GHWHUPLQLVWLF DSSURDFK SURGXFHV RQO\ D EHVW HVWLPDWH ZLWK QR DVVRFLDWHG PDUJLQDO GHQVLWLHV

a) unconstrained realization                             b) power transform       c) Metropolis-Hastings            d) Gibbs sampler 
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)LJXUH  ([DPSOH FRQGLWLRQDO UHDOL]DWLRQV IURP HDFK GLIIHUHQW RSWLPL]DWLRQ DSSURDFK

%LDVHV LQ DWPRVSKHULF &2 HVWLPDWHV IURP FRUUHODWHG PHWHR
URORJ\ PRGHOLQJ HUURUV
7KLV FKDSWHU RULJLQDOO\ DSSHDUHG DV D UHVHDUFK DUWLFOH LQ $WPRVSKHULF &KHPLVWU\ DQG 3K\VLFV )RU WKH RULJ
LQDO DUWLFOH UHIHU WR 0LOOHU HW DO 
(VWLPDWHV RI &2 ÁX[HV WKDW DUH EDVHG RQ DWPRVSKHULF PHDVXUHPHQWV UHO\ XSRQ D PHWHRURORJ\
PRGHO WR VLPXODWH DWPRVSKHULF WUDQVSRUW 7KHVH PRGHOV SURYLGH D TXDQWLWDWLYH OLQN EHWZHHQ WKH
VXUIDFH ÁX[HV DQG &2 PHDVXUHPHQWV WDNHQ GRZQZLQG (UURUV LQ WKH PHWHRURORJ\ FDQ WKHUHIRUH
FDXVH HUURUV LQ WKH HVWLPDWHG &2 ÁX[HV 0HWHRURORJ\ HUURUV WKDW FRUUHODWH RU FRYDU\ DFURVV WLPH
DQGRU VSDFH DUH SDUWLFXODUO\ ZRUULVRPH WKH\ FDQ FDXVH ELDVHV LQ PRGHOHG DWPRVSKHULF &2
WKDW DUH HDVLO\ FRQIXVHG ZLWK WKH &2 VLJQDO IURP VXUIDFH ÁX[HV DQG WKH\ DUH GLIÀFXOW WR FKDUDF
WHUL]H ,Q WKLV SDSHU ZH OHYHUDJH DQ HQVHPEOH RI JOREDO PHWHRURORJ\ PRGHO RXWSXWV FRPELQHG
ZLWK D GDWD DVVLPLODWLRQ V\VWHP WR HVWLPDWH WKHVH ELDVHV LQ PRGHOHG DWPRVSKHULF &2 ,Q RQH
FDVH VWXG\ ZH HVWLPDWH WKH PDJQLWXGH RI PRQWKORQJ &2 ELDVHV UHODWLYH WR &2 ERXQGDU\ OD\HU
HQKDQFHPHQWV DQG TXDQWLI\ KRZ WKDW DQVZHU FKDQJHV LI ZH HLWKHU LQFOXGH RU UHPRYH HUURU FRU

UHODWLRQV RU FRYDULDQFHV ,Q D VHFRQG FDVH VWXG\ ZH LQYHVWLJDWH ZKLFK PHWHRURORJLFDO FRQGLWLRQV
DUH DVVRFLDWHG ZLWK WKHVH &2 ELDVHV
,Q WKH ÀUVW FDVH VWXG\ ZH HVWLPDWH XQFHUWDLQWLHV RI ² SSP LQ PRQWKO\DYHUDJHG &2 FRQ
FHQWUDWLRQV GHSHQGLQJ XSRQ ORFDWLRQ  FRQÀGHQFH LQWHUYDO 7KHVH XQFHUWDLQWLHV FRUUHVSRQG
WR ² RI WKH PHDQ DIWHUQRRQ &2 ERXQGDU\ OD\HU HQKDQFHPHQW DW LQGLYLGXDO REVHUYDWLRQ
VLWHV :KHQ ZH UHPRYH HUURU FRYDULDQFHV KRZHYHU WKLV UDQJH GURSV WR ² 7RSGRZQ VWXG
LHV WKDW LJQRUH WKHVH FRYDULDQFHV FRXOG WKHUHIRUH XQGHUHVWLPDWH WKH XQFHUWDLQWLHV DQGRU SURSD
JDWH WUDQVSRUW HUURUV LQWR WKH ÁX[ HVWLPDWH
,Q WKH VHFRQG FDVH VWXG\ ZH ÀQG WKDW WKHVH PRQWKORQJ HUURUV LQ DWPRVSKHULF WUDQVSRUW DUH
DQWLFRUUHODWHG ZLWK WHPSHUDWXUH DQG SODQHWDU\ ERXQGDU\ OD\HU 3%/ KHLJKW RYHU WHUUHVWULDO UH
JLRQV ,Q PDULQH HQYLURQPHQWV E\ FRQWUDVW WKHVH HUURUV DUH PRUH VWURQJO\ DVVRFLDWHG ZLWK ZHDN
]RQDO ZLQGV 0DQ\ HUURUV KRZHYHU DUH QRW FRUUHODWHG ZLWK D VLQJOH PHWHRURORJLFDO SDUDPHWHU
VXJJHVWLQJ WKDW D VLQJOH PHWHRURORJLFDO SUR[\ LV QRW VXIÀFLHQW WR FKDUDFWHUL]H XQFHUWDLQWLHV LQ
DWPRVSKHULF &2 7RJHWKHU WKHVH WZR FDVH VWXGLHV SURYLGH LQIRUPDWLRQ WR LPSURYH WKH VHWXS
RI IXWXUH WRSGRZQ LQYHUVH PRGHOLQJ VWXGLHV SUHYHQWLQJ XQIRUHVHHQ ELDVHV LQ HVWLPDWHG &2
ÁX[HV
 ,QWURGXFWLRQ
6FLHQWLVWV LQFUHDVLQJO\ XVH DWPRVSKHULF &2 REVHUYDWLRQV WR HVWLPDWH &2 ÁX[HV DW (DUWK·V VXU
IDFH HJ *XUQH\ HW DO  0LFKDODN HW DO  3HWHUV HW DO  *RXUGML HW DO  7KLV
´WRSGRZQµ DSSURDFK FRQWUDVWV ZLWK ´ERWWRPXSµ VWXGLHV WKDW UHO\ SULPDULO\ RQ H[SHUW NQRZO
HGJH RI ELRORJLFDO SURFHVVHV HJ +XQW]LQJHU HW DO  5DF]ND HW DO  ,Q RUGHU WR HVWL
PDWH WKH ÁX[HV WRSGRZQ VWXGLHV W\SLFDOO\ UHTXLUH D PHWHRURORJ\ PRGHO WR OLQN ÁX[HV DW WKH
VXUIDFH ZLWK PHDVXUHPHQWV WDNHQ GRZQZLQG 8VLQJ WKLV OLQN RQH FDQ HVWLPDWH WKH ÁX[HV HYHQ LI

WKH DWPRVSKHULF PHDVXUHPHQWV GR QRW WKHPVHOYHV GLUHFWO\ PHDVXUH WKH ÁX[HV
+RZHYHU ERWK WKH DFFXUDF\ DQG HIIHFWLYH UHVROXWLRQ RI WKH ÁX[ HVWLPDWH KLQJH XSRQ WKH DF
FXUDF\ RI WKH PHWHRURORJLFDO PRGHO (UURUV LQ WKH PHWHRURORJLFDO PRGHO PD\ RU PD\ QRW ELDV
HVWLPDWHG &2 ÁX[HV GHSHQGLQJ XSRQ WKH HUURU FKDUDFWHULVWLFV DQG WKH VSDFHWLPHVFDOHV RI LQWHU
HVW
0RUH VSHFLÀFDOO\ WKH HIIHFW RI &2 WUDQVSRUW HUURUV RQ WKH HVWLPDWHG ÁX[HV GHSHQGV XSRQ
WZR LPSRUWDQW IDFWRUV )LUVW WKH ÁX[ HVWLPDWH EHFRPHV PRUH XQFHUWDLQ DV WKH &2 WUDQVSRUW
HUURU YDULDQFH RU VWDQGDUG GHYLDWLRQ LQFUHDVHV 7RSGRZQ VWXGLHV WKDW XVH %D\HVLDQ VWDWLVWLFV
ZLOO H[SOLFLWO\ DFFRXQW IRU WKHVH YDULDQFHV ZKHQ HVWLPDWLQJ ÁX[HV HJ (QWLQJ  7DUDQWROD
 EHIRUH HVWLPDWLQJ WKH ÁX[HV WKH PRGHOHU ÀUVW HVWLPDWHV WKH WRWDO YDULDQFH GXH WR DQ DUUD\
RI PRGHO RU GDWD HUURUV ² GXH WR LPSHUIHFW DWPRVSKHULF WUDQVSRUW RU LPSHUIHFW PHDVXUHPHQWV
DPRQJ PDQ\ RWKHU VRXUFHV RI HUURU HJ *HUELJ HW DO  0LFKDODN HW DO  &LDLV HW DO

6HFRQG WKH ÁX[ HVWLPDWH EHFRPHV PRUH XQFHUWDLQ DV WKH WHPSRUDO DQGRU VSDWLDO HUURU FR
YDULDQFHV LQFUHDVH $V WKH FRYDULDQFHV LQFUHDVH HDFK &2 PHDVXUHPHQW HIIHFWLYHO\ SURYLGHV OHVV
DQG OHVV LQGHSHQGHQW LQIRUPDWLRQ WR FRQVWUDLQ WKH VXUIDFH ÁX[HV )XUWKHUPRUH WKHVH WHPSRUDOO\
DQGRU VSDWLDOO\ FRUUHODWHG HUURUV FDQ ELDV WKH ÁX[ HVWLPDWH RYHU D UHJLRQ RU RYHU WKH HQWLUH JHR
JUDSKLF DUHD RI LQWHUHVW HJ 6WHSKHQV HW DO 
4XDQWLÀFDWLRQ RI WKLV FRPSOH[ FDXVHDQGHIIHFW EHWZHHQ PHWHRURORJLFDO HUURUV DQG HUURUV LQ
HVWLPDWHG &2 ÁX[HV UHSUHVHQWV DQ RQJRLQJ UHVHDUFK FKDOOHQJH DQG D QXPEHU RI H[LVWLQJ VWXG
LHV KDYH FKDUDFWHUL]HG GLIIHUHQW DVSHFWV RI WKHVH XQFHUWDLQWLHV )RU H[DPSOH D VHULHV RI VWXG
LHV NQRZQ DV 7UDQV&RP $WPRVSKHULF 7UDFHU 7UDQVSRUW 0RGHO ,QWHUFRPSDULVRQ UHSUHVHQWV
RQH RI WKH ÀUVW FRRUGLQDWHG SURMHFWV RQ &2 WUDQVSRUW XQFHUWDLQWLHV *XUQH\ HW DO  %DNHU
HW DO  7KHVH HDUO\ VWXGLHV XVHG  GLIIHUHQW JOREDO DWPRVSKHULF PRGHOV DQG FRPSDUHG GLI
IHUHQFHV LQ WRSGRZQ &2 EXGJHWV GXH WR DWPRVSKHULF PRGHO GLIIHUHQFHV 6XEVHTXHQW WR WKH

7UDQV&RP SURMHFW D QXPEHU RI VWXGLHV KDYH IRFXVHG RQ WKH HIIHFWV RI FKDQJLQJ YHUWLFDO PL[
LQJ DQGRU SODQHWDU\ ERXQGDU\ OD\HU KHLJKW 3%/+ *HUELJ HW DO  :LOOLDPV HW DO 
.UHWVFKPHU HW DO   3DUD]RR HW DO  3LQR HW DO  ,Q JHQHUDO WKRVH SDSHUV
IRXQG WKDW XQFHUWDLQWLHV LQ 3%/+ FDQ OHDG WR ELDVHV RI ∼ SSP LQ PRGHOHG GD\WLPH &2 $Q
RWKHU SDSHU H[DPLQHG WKH HIIHFW RI XQFHUWDLQ KRUL]RQWDO ZLQGV /LQ 	 *HUELJ  7KH DXWKRUV
DSSOLHG D SDUWLFOHWUDMHFWRU\ PRGHO DW D PHDVXUHPHQW VLWH LQ :LVFRQVLQ DQG IRXQG WKDW XQFHUWDLQ
WLHV LQ WKH KRUL]RQWDO ZLQGV FRQWULEXWHG ∼ SSP VWDQGDUG GHYLDWLRQ WR WKH RYHUDOO &2 WUDQV
SRUW XQFHUWDLQW\ ,Q VXPPDU\ D QXPEHU RI SUHYLRXV VWXGLHV KDYH HLWKHU SHUWXUEHG LQGLYLGXDO
PHWHRURORJLFDO SDUDPHWHUV RU LQ WKH FDVH RI 7UDQV&RP VDPSOHG WUDQVSRUW XQFHUWDLQWLHV XVLQJ 
SUHVHOHFWHG DWPRVSKHULF PRGHOV
7KH SUHVHQW VWXG\ LV SDUWLFXODUO\ FRQFHUQHG ZLWK WHPSRUDO DQGRU VSDWLDO HUURU FRYDULDQFHV LQ
DWPRVSKHULF &2 WUDQVSRUW 7R ZKDW H[WHQW GR &2 WUDQVSRUW HUURUV FRYDU\ LQ VSDFH DQG WLPH"
+RZ ODUJH DUH WKHVH FRYDULDQFHV UHODWLYH WR WKH PDJQLWXGH RI WKH VXUIDFH &2 ÁX[HV DQG ZKLFK
PHWHRURORJLFDO IDFWRUV GULYH ODUJH HUURU FRYDULDQFHV" 7KHVH FRYDULDQFHV DUH RIWHQ GLIÀFXOW WR
FKDUDFWHUL]H HJ /LQ 	 *HUELJ  /DXYDX[ HW DO  DQG DUH RPLWWHG IURP PRVW H[LVWLQJ
WRSGRZQ HIIRUWV
:H H[SORUH VHYHUDO IDFHWV RI WKHVH TXHVWLRQV XVLQJ D JOREDO PHWHRURORJ\ PRGHO HQVHPEOH DQG
D PHWHRURORJ\ GDWD DVVLPLODWLRQ V\VWHP ² WKH &RPPXQLW\ $WPRVSKHUH 0RGHO &$0 DQG D /R
FDO (QVHPEOH 7UDQVIRUP .DOPDQ )LOWHU /(7.) +XQW HW DO  (IIRUWV E\ /LX HW DO  DQG
/LX HW DO  H[WHQGHG WKLV PHWHRURORJLFDO IUDPHZRUN WR PRGHO XQFHUWDLQWLHV LQ DWPRVSKHULF
&2
7KLV IUDPHZRUN V\VWHPDWLFDOO\ HVWLPDWHV PHWHRURORJ\ DQG &2 WUDQVSRUW XQFHUWDLQWLHV WR DQ
H[WHQW QRW SUHYLRXVO\ SRVVLEOH &$0/(7.) H[SOLFLWO\ UHSUHVHQWV WKH &2 WUDQVSRUW XQFHUWDLQWLHV
WKDW UHPDLQ DIWHU DVVLPLODWLQJ VHYHUDO KXQGUHG WKRXVDQG PHWHRURORJ\ REVHUYDWLRQV DW HDFK  K
PRGHO WLPH VWHS 7R DFFRPSOLVK WKLV WDVN &$0/(7.) XVHV DQ HQVHPEOH RI ZHDWKHU IRUHFDVWV

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)LJXUH  $YHUDJH &DUERQ7UDFNHU &2 ÁX[HV YHUVLRQ RL IRU D )HEUXDU\ DQG E -XO\  7KH
ÁX[HV LQFOXGH ELRVSKHUH RFHDQ IRVVLO IXHO DQG ELRPDVV EXUQLQJ ÁX[HV %11-ǥȇȇ444ǣ"0/)ǣ+,ǣ$,3ȇ
$*!ȇ  $$ȇ /,+1/ ("/ȇȀ,&
DQG RSWLPL]HV WKH HQVHPEOH WR PDWFK DYDLODEOH PHWHRURORJLFDO REVHUYDWLRQV )XUWKHUPRUH &$0
/(7.) DGMXVWV WKH YDULDQFH RI WKH ZHDWKHU HQVHPEOH DW HDFK WLPH VWHS WR PDWFK WKH PRGHOLQJ
XQFHUWDLQWLHV LPSOLHG E\ WKH PHWHRURORJLFDO REVHUYDWLRQV
8VLQJ WKLV WRRONLW ZH FRQVWUXFW VHYHUDO FDVH VWXGLHV WR XQGHUVWDQG ERWK WKH SRVVLEOH PDJQL
WXGH DQG GULYHUV RI &2 WUDQVSRUW HUURU FRYDULDQFHV ² HUURUV WKDW SHUVLVW RYHU PDQ\ WLPH VWHSV
DQGRU DFURVV ODUJH UHJLRQV 7KH QH[W VHFWLRQ GHVFULEHV &$0/(7.) DQG WKHVH FDVH VWXGLHV LQ
JUHDWHU GHWDLO
 0HWKRGV
 7KH PHWHRURORJ\ DQG &2 PRGHO
7KH ÀUVW FRPSRQHQW RI &$0/(7.) LV WKH PHWHRURORJLFDO PRGHO :H VLPXODWH JOREDO PHWHR
URORJ\ XVLQJ &$0 DQG WKH &RPPXQLW\ /DQG 0RGHO &/0 YHUVLRQ  UXQ LQ ZHDWKHU IRUHFDVW
PRGH QRW FOLPDWH PRGH &ROOLQV HW DO  2OHVRQ HW DO  &KHQ HW DO  0RGHO VLP

XODWLRQV LQ WKLV VWXG\ KDYH D VSDWLDO UHVROXWLRQ RI ◦ ORQJLWXGH E\ ◦ ODWLWXGH ZLWK  YHUWLFDO
PRGHO OHYHOV ,Q PRVW UHJLRQV WKHUH DUH WKUHH YHUWLFDO PRGHO OHYHOV ZLWKLQ WKH ORZHVW NLORPHWHU
RI WKH DWPRVSKHUH 7KHVH PRGHO OHYHOV DUH FHQWHUHG DW   DQG  K3D RYHU UHJLRQV
ZKHUH WKH ODQGZDWHU VXUIDFH LV DW VHD OHYHO
:H VDYH WKH JOREDO PRGHO RXWSXW DW  K WLPH LQFUHPHQWV )XUWKHUPRUH ZH UXQ WKH PRGHO IRU
WZR WLPH SHULRGV -DQXDU\²)HEUXDU\  DQG 0D\²-XO\  7KH ÀUVW PRQWK RI HDFK UXQ VHUYHV
DV DQ LQLWLDO VSLQXS IRU WKH PRGHO²GDWD DVVLPLODWLRQ V\VWHP 7KH QH[W VHFWLRQ GHVFULEHV WKLV DV
VLPLODWLRQ LQ JUHDWHU GHWDLO
 7KH PHWHRURORJLFDO PRGHO²GDWD DVVLPLODWLRQ IUDPHZRUN
7KH VHFRQG FRPSRQHQW RI &$0/(7.) LV WKH GDWD DVVLPLODWLRQ DQG PRGHO RSWLPL]DWLRQ IUDPH
ZRUN 7KLV IUDPHZRUN VHUYHV WZR SXUSRVHV )LUVW WKH /(7.) RSWLPL]HV PRGHOHG PHWHRURORJ\
&$0&/0 WR PDWFK DYDLODEOH REVHUYDWLRQV 6HFRQG WKH /(7.) XVHV DQ HQVHPEOH RI PRGHO
IRUHFDVWV WR UHSUHVHQW PRGHO XQFHUWDLQWLHV WKDW UHPDLQ DIWHU GDWD DVVLPLODWLRQ +XQW HW DO 
 :H GHÀQH HDFK HQVHPEOH PHPEHU DQG WKH PHDQ RI WKH HQWLUH HQVHPEOH DV IROORZV
[L = [¯+ ;L ZKHUH L = . . .N, 
ZKHUH [L P× LV D VLQJOH PRGHO HQVHPEOH PHPEHU [¯ P× LV WKH PHDQ RI WKH PRGHO HQVHPEOH
DQG ;L P × N UHIHUV WR WKH LWK FROXPQ RI WKH PDWUL[ WKDW GHÀQHV WKH HQVHPEOH VSUHDG ,Q WKLV
SDSHU WKH YDULDEOH P UHIHUV WR WKH WRWDO QXPEHU RI PRGHO SDUDPHWHUV ² WKH PRGHO HVWLPDWH IRU
D YDULHW\ RI PHWHRURORJLFDO YDULDEOHV FRQFDWHQDWHG DFURVV WKH JOREH DQG DFURVV DOO KRXUO\ WLPH
VWHSV LQ D JLYHQ PRGHO UXQ )XUWKHUPRUH ZH XVH N =  WRWDO HQVHPEOH PHPEHUV LQ WKLV VHWXS DV
ZDV GRQH LQ /LX HW DO  DQG /LX HW DO 
8VLQJ WKLV HQVHPEOH &$0/(7.) VWHSV WKURXJK WLPH LQ VHTXHQWLDO  K LQWHUYDOV )LUVW WKH

PRGHO HQVHPEOH DW WLPH W LV RSWLPL]HG WR PDWFK PHWHRURORJLFDO GDWD +XQW HW DO  7R WKLV
HQG ZH DVVLPLODWH WKH VDPH PHWHRURORJLFDO REVHUYDWLRQV XVHG LQ WKH 1DWLRQDO &HQWHUV IRU (QYL
URQPHQWDO 3UHGLFWLRQ ² 'HSDUWPHQW RI (QHUJ\ UHDQDO\VLV  .DQDPLWVX HW DO  WHPSHUDWXUH
LQ VLWX DQG VDWHOOLWH ]RQDO ZLQG LQ VLWX DQG VDWHOOLWH PHULGLRQDO ZLQG LQ VLWX DQG VDWHOOLWH
VXUIDFH SUHVVXUH LQ VLWX DQG VSHFLÀF KXPLGLW\ LQ VLWX $W HDFK  K PRGHO WLPH VWHS ZH DV
VLPLODWH EHWZHHQ ∼  DQG   REVHUYDWLRQV JOREDOO\ $W WKDW MXQFWXUH WKH HQVHPEOH
PHDQ DVVRFLDWHG ZLWK WLPH W [¯(W) UHSUHVHQWV WKH PRGHO EHVW JXHVV DQG WKH HQVHPEOH PHPEHUV
[¯(W) + ;(W) FROOHFWLYHO\ UHSUHVHQW WKH XQFHUWDLQWLHV LQ WKH PRGHOHG PHWHRURORJ\ LH SRVWHULRU
YDULDQFHV DQG FRYDULDQFHV 6HFRQG ZH UXQ  K &$0&/0 IRUHFDVWV XVLQJ WKHVH UHDOL]DWLRQV DV
LQLWLDO FRQGLWLRQV ² D WRWDO RI  PRGHO IRUHFDVWV 7KH  K F\FOH RI GDWD DVVLPLODWLRQ DQG PRGHO
IRUHFDVW WKHQ EHJLQV DJDLQ
7KLV PRGHO HQVHPEOH E\ GHVLJQ LV JXDUDQWHHG WR UHÁHFW DFWXDO XQFHUWDLQWLHV LQ PRGHOHG PH
WHRURORJ\ DW HDFK  K PRGHO WLPH VWHS ZH DGMXVW WKH HQVHPEOH YDULDQFH VXFK WKDW WKLV YDULDQFH
PDWFKHV DJDLQVW WKH PRGHO²GDWD UHVLGXDOV /L HW DO  0L\RVKL  7KH 6XSSOHPHQW GH
VFULEHV WKLV SURFHGXUH NQRZQ DV DGDSWLYH FRYDULDQFH LQÁDWLRQ
7KH PRGHO HQVHPEOH DOVR DFFRXQWV IRU ERWK VSDWLDO DQG WHPSRUDO FRYDULDQFHV LQ PRGHOHG PH
WHRURORJLFDO XQFHUWDLQWLHV PHWHRURORJLFDO HUURUV ZLWKLQ RQH HQVHPEOH PHPEHU FDQ HDVLO\ SHUVLVW
RYHU PDQ\ WLPH VWHSV 7KLV FRQWLQXLW\ RFFXUV EHFDXVH WKH RSWLPL]HG HQVHPEOH PHPEHUV IURP WKH
RQH WLPH VWHS EHFRPH WKH LQLWLDO FRQGLWLRQV IRU WKH ZHDWKHU IRUHFDVW DW WKH QH[W WLPH VWHS )RU H[
DPSOH LI WKH 3%/ KHLJKW LQ RQH HQVHPEOH PHPEHU LV ORZHU WKDQ WKH HQVHPEOH DYHUDJH DW D JLYHQ
WLPH VWHS LW ZLOO OLNHO\ EH ORZHU WKDQ DYHUDJH DW WKH QH[W WLPH VWHS 6LPLODUO\ LI WKH 3%/ KHLJKW LQ
RQH HQVHPEOH PHPEHU LV ORZHU WKDQ DYHUDJH RYHU RQH JULG ER[ LW ZLOO OLNHO\ DOVR EH ORZHU WKDQ
WKH DYHUDJH RYHU DQ DGMDFHQW JULG ER[
&HUWDLQ PHWHRURORJLFDO XQFHUWDLQWLHV KRZHYHU PD\ QRW DOZD\V EH FDSWXUHG E\ WKH DVVLPLOD
WLRQ V\VWHP SDUWLFXODUO\ XQFHUWDLQWLHV WKDW GR QRW PDQLIHVW LQ WKH PRGHO²GDWD UHVLGXDOV )RU H[

DPSOH &$0/(7.) ZLOO QRW IXOO\ FKDUDFWHUL]H XQFHUWDLQWLHV GXH WR GLIIHUHQW 3%/ VFKHPHV HJ
<RQVHL YHUVXV 0HOORU²<DPDGD²-DQMLF RU GXH WR RWKHU VWUXFWXUDO PRGHO GLIIHUHQFHV )XUWKHUPRUH
/(7.) FDQQRW VSDWLDOO\ UHVROYH XQFHUWDLQWLHV WKDW RFFXU DW VXEJULG VFDOH HJ WXUEXOHQW HGGLHV
RU QXPHULFDO GLIIXVLRQ )RU IXUWKHU WHFKQLFDO GHWDLO RQ WKH /(7.) DQG DGDSWLYH FRYDULDQFH LQÁD
WLRQ UHIHU WR WKH 6XSSOHPHQW +XQW HW DO   /L HW DO  /LX HW DO  RU 0L\RVKL

 &2 WUDQVSRUW HUURU YDULDQFHV DQG FRYDULDQFHV
7KH &$0/(7.) V\VWHP GHVFULEHG DERYH HVWLPDWHV QRW RQO\ PHWHRURORJLFDO XQFHUWDLQWLHV EXW
DOVR XQFHUWDLQWLHV LQ &2 WUDQVSRUW ,Q WKLV VWXG\ &2 LV D SDVVLYH WUDFHU WKDW LV QRW SDUW RI WKH
GDWD DVVLPLODWLRQ VR DQ\ XQFHUWDLQWLHV LQ &2 FRQFHQWUDWLRQV DUH VROHO\ GXH WR XQFHUWDLQWLHV LQ
DWPRVSKHULF WUDQVSRUW
:H GULYH DOO PRGHO VLPXODWLRQV ZLWK D SXEOLVKHG &2 ÁX[ HVWLPDWH IURP &DUERQ7UDFNHU &7
YHUVLRQ &7RL )LJ  3HWHUV HW DO  %11-ǥȇȇ /,+1/ ("/ǣ+,ǣ$,3 &7 LV D FRP
PRQO\ XVHG JOREDO &2 ÁX[ HVWLPDWH FUHDWHG E\ WKH 86 1DWLRQDO 2FHDQLF DQG $WPRVSKHULF $G
PLQLVWUDWLRQ 12$$ 12$$ VFLHQWLVWV RSWLPL]H &7 ÁX[HV WR PDWFK DWPRVSKHULF &2 GDWD
VR WKH ÁX[ HVWLPDWH LV FRQVLVWHQW ZLWK DFWXDO REVHUYDWLRQV 3HWHUV HW DO  7KH RULJLQDO &7
ÁX[HV KDYH D WHPSRUDO UHVROXWLRQ RI  K :H DYHUDJH WKHVH ÁX[HV WR D  K UHVROXWLRQ IRU DOO RI WKH
&$0 VLPXODWLRQV LQ WKLV VWXG\
:H VXEVHTXHQWO\ HVWLPDWH KRXUO\ &2 WUDQVSRUW XQFHUWDLQWLHV XVLQJ WKLV VHWXS 7KHVH XQFHU
WDLQWLHV DUH GHÀQHG DV WKH GLIIHUHQFH EHWZHHQ WKH WRS DQG ERWWRP RI WKH  FRQÀGHQFH LQWHUYDO
FRPSXWHG IURP WKH  PRGHO UHDOL]DWLRQV HJ )LJ  7R PDNH WKLV HVWLPDWH ZH FDOFXODWH WKH
WK DQG WK SHUFHQWLOHV RI HDFK URZ LQ ;[&2] ZKHUH WKH VXEVFULSW [&2] UHIHUV WR WKH DWPR
VSKHULF &2 FRQFHQWUDWLRQV HVWLPDWHG E\ WKH HQVHPEOH 7KH UHPDLQGHU RI WKH PHWKRGV VHFWLRQ
DSSOLHV WKLV &2 DQG PHWHRURORJ\ PRGHOLQJ IUDPHZRUN WR WZR FDVH VWXGLHV

 &DVH VWXG\  WKH PDJQLWXGH RI WHPSRUDOO\ DQG VSDWLDOO\ FRYDU\LQJ DWPRVSKHULF WUDQV
SRUW HUURUV UHODWLYH WR D &2 ÁX[ HVWLPDWH
7KLV FDVH VWXG\ H[SORUHV WKH LPSRUWDQFH RI SHUVLVWHQW FRYDU\LQJ WUDQVSRUW HUURUV DQG WKH PDJQL
WXGH RI WKRVH HUURUV UHODWLYH WR WKH &2 ÁX[HV ,Q SDUWLFXODU ZH HVWLPDWH XQFHUWDLQWLHV LQ PRQWKO\
PHDQ DIWHUQRRQ PRGHOHG &2 FRQFHQWUDWLRQV DW D QXPEHU RI LQ VLWX DWPRVSKHULF REVHUYDWLRQ
VLWHV ,Q RQH FDVH ZH LQFOXGH WHPSRUDO DQGRU VSDWLDO FRYDULDQFHV LQ WKH DWPRVSKHULF WUDQVSRUW
HUURUV DQG LQ DQRWKHU FDVH ZH UHPRYH WKHVH FRYDULDQFHV :H WKHQ FRPSDUH WKHVH XQFHUWDLQWLHV
DJDLQVW WKH PRGHOHG DIWHUQRRQ &2 ERXQGDU\ OD\HU HQKDQFHPHQW WR XQGHUVWDQG WKH PDJQLWXGH
RI WKHVH HUURUV UHODWLYH WR WKH VXUIDFH ÁX[HV
7KH XQFHUWDLQW\ LQ PRQWKO\DYHUDJHG &2 FRQFHQWUDWLRQV VHUYHV DV D PHDVXUH RI KRZ WUDQV
SRUW HUURUV FRUUHODWH RU FRYDU\ DFURVV WLPH 8QFRUUHODWHG WUDQVSRUW HUURUV ZLOO DYHUDJH RXW WR
D ODUJH GHJUHH RYHU PDQ\ PRGHO WLPH VWHSV EXW WHPSRUDO HUURU FRYDULDQFHV SUHYHQW WKH HUURUV
IURP DYHUDJLQJ GRZQ RYHU WLPH )XUWKHUPRUH &2 EXGJHWV DUH RIWHQ UHSRUWHG LQ PRQWKORQJ
LQFUHPHQWV HJ *RXUGML HW DO  DQG &7 VR WKLV WLPH ZLQGRZ LV D UHOHYDQW EHQFKPDUN ZLWK
UHVSHFW WR LQYHUVH PRGHOLQJ VWXGLHV
:H FDOFXODWH XQFHUWDLQWLHV LQ WKH PRQWKO\DYHUDJHG PRGHO RXWSXW LQFOXGLQJ HUURU FRYDUL
DQFHV YLD VHYHUDO VWHSV )LUVW ZH VHOHFW RXW WKH URZV RI ;[&2] WKDW FRUUHVSRQG WR DIWHUQRRQ RE
VHUYDWLRQV ² /7 IRU D JLYHQ PRQWK DW DQ LQ VLWX &2 REVHUYDWLRQ VLWH 6HFRQG ZH
FDOFXODWH WKH PHDQ RI HDFK FROXPQ LQ ;[&2] (DFK FROXPQ FRUUHVSRQGV WR D GLIIHUHQW HQVHPEOH
PHPEHU 7KH UHVXOWLQJ YHFWRU RI OHQJWK  LV WKH GLIIHUHQFH EHWZHHQ HDFK HQVHPEOH PHPEHU DQG
WKH EHVW HVWLPDWH [¯ DYHUDJHG DW WKH PRQWKO\ VFDOH /DVWO\ ZH XVH WKLV YHFWRU WR FRPSXWH D FRQ
ÀGHQFH LQWHUYDO LQ PRQWKO\DYHUDJHG PRGHOHG &2 WKH WK PLQXV WK SHUFHQWLOHV
:H VXEVHTXHQWO\ UHPRYH FRYDULDQFHV LQ WKH &2 WUDQVSRUW HUURUV DQG UHFDOFXODWH XQFHUWDLQWLHV
LQ WKH PRQWKO\DYHUDJHG &2 FRQFHQWUDWLRQV $V GHVFULEHG LQ 6HFW  HUURUV LQ RQH HQVHPEOH

PHPEHU FDQ SHUVLVW RYHU PDQ\ VWHSV DQG FDQ SHUVLVW DFURVV D ODUJH JHRJUDSKLF UHJLRQ +RZHYHU
ZH FDQ UHPRYH WKHVH HUURU FRYDULDQFHV E\ UDQGRPO\ UHVKXIÁLQJ WKH HOHPHQWV RI HDFK LQGLYLGXDO
URZ LQ ;[&2] 7KH YDULDQFH LQ PRGHOHG FRQFHQWUDWLRQV LQ DQ\ URZ RU DW DQ\ JLYHQ WLPH VWHS ZLOO
UHPDLQ WKH VDPH +RZHYHU HDFK FROXPQ ZLOO QR ORQJHU UHSUHVHQW D VLQJOH HQVHPEOH PHPEHU
5DWKHU HDFK FROXPQ ZLOO UHSUHVHQW D UDQGRP DVVRUWPHQW RI GLIIHUHQW HQVHPEOH PHPEHUV DQG
WKH HUURUV LQ HDFK FROXPQ ZLOO QR ORQJHU FRYDU\ IURP RQH WLPH VWHS WR DQRWKHU RU RQH JHRJUDSKLF
ORFDWLRQ WR DQRWKHU
:H FRQGXFW WKLV DQDO\VLV DW D UHSUHVHQWDWLYH VHOHFWLRQ RI REVHUYDWLRQ VLWHV LQ 1RUWK $PHULFD
$VLD DQG (XURSH 7KLV VHWXS LQGLFDWHV KRZ HUURUV FRYDU\ ZLWK WLPH DW WKH PRQWKO\ VFDOH ,Q
DGGLWLRQ ZH DOVR FRQGXFW WKH DQDO\VLV XVLQJ PXOWLSOH REVHUYDWLRQ VLWHV ZH HVWLPDWH PRQWKO\
DYHUDJHG XQFHUWDLQWLHV DW WKH HFRUHJLRQ VFDOH DQG LQFOXGH DOO REVHUYDWLRQ VLWHV WKDW OLH ZLWKLQ WKH
JLYHQ HFRUHJLRQ 7KLV ODWWHU DSSURDFK LQGLFDWHV KRZ HUURUV FRYDU\ VSDWLDOO\ DFURVV PXOWLSOH VLWHV
DW WKH UHJLRQDO VFDOH
7KHVH PRQWKO\DYHUDJHG XQFHUWDLQWLHV FDQ WKHQ EH FRPSDUHG DJDLQVW WKH DIWHUQRRQ PRGHOHG
&2 LQFUHPHQW IURP UHJLRQDO VXUIDFH ÁX[HV 7R HVWLPDWH WKLV LQFUHPHQW ZH VXEWUDFW PRGHOHG
IUHH WURSRVSKHUH ´FOHDQ DLUµ FRQFHQWUDWLRQV DW  K3D IURP FRQFHQWUDWLRQV PRGHOHG DW WKH VXU
IDFH XVLQJ &7 ÁX[HV 7KH FRQFHQWUDWLRQV DW  K3D DUH QRW QHFHVVDULO\ D SHUIHFW PHDVXUH RI FOHDQ
DLU FRQFHQWUDWLRQV 5DWKHU WKLV DSSURDFK LV DQ DSSUR[LPDWLRQ VLPLODU WR WKDW XVHG E\ LQYHUVH
PRGHOLQJ VWXGLHV LQ WKH OLWHUDWXUH HJ *HUELJ HW DO  *RXUGML HW DO 
,Q VXPPDU\ FDVH VWXG\ RQH H[SORUHV WKH PDJQLWXGH RI SHUVLVWHQW DWPRVSKHULF &2 WUDQVSRUW
HUURUV RU HUURU FRYDULDQFHV UHODWLYH WR WKH DIWHUQRRQ &2 VLJQDO IURP VXUIDFH ÁX[HV 7KH QH[W
FDVH VWXG\ LQ FRQWUDVW H[SORUHV WKH PHWHRURORJLFDO FRQGLWLRQV XQGHU ZKLFK WKHVH SHUVLVWHQW &2
WUDQVSRUW HUURUV PD\ EH PRUH OLNHO\ WR RFFXU

 &DVH VWXG\  ZKLFK PHWHRURORJLFDO IDFWRUV PD\ EH DVVRFLDWHG ZLWK PRQWKORQJ WUDQV
SRUW ELDVHV"
:H FUHDWH D V\QWKHWLF H[SHULPHQW WR H[SORUH WKH PHWHRURORJLFDO FRQGLWLRQV XQGHU ZKLFK PRQWK
ORQJ PRGHO ELDVHV LQ DWPRVSKHULF WUDQVSRUW PD\ RFFXU 7KH VSDWLDO SDWWHUQV LQ WKH &2 WUDQV
SRUW XQFHUWDLQWLHV DUH KHDYLO\ LQÁXHQFHG E\ VSDWLDO SDWWHUQV LQ WKH &2 ÁX[HV )LJ  ,Q RWKHU
ZRUGV UHJLRQV ZLWK ODUJH ÁX[HV RU ODUJH GLXUQDO ÁX[ YDULDELOLW\ DOVR VKRZ KLJKHU &2 WUDQV
SRUW XQFHUWDLQWLHV $V D UHVXOW LW LV GLIÀFXOW WR GLVHQWDQJOH WKH HIIHFW RI GLIIHUHQW PHWHRURORJLFDO
SDUDPHWHUV RQ &2 WUDQVSRUW XQFHUWDLQWLHV ,QVWHDG ZH FUHDWH D V\QWKHWLF WUDFHU ZLWK FRQVWDQW
JOREDO HPLVVLRQV LQ ERWK VSDFH DQG WLPH 7KLV H[SHULPHQW VHUYHV DV D OHQV WR H[SORUH WKH SRVVLEOH
HIIHFWV RI GLIIHUHQW PHWHRURORJLFDO SDUDPHWHUV LQGHSHQGHQW RI WKH VSDWLRWHPSRUDO YDULDELOLW\ LQ
&2 ÁX[HV
7R WKLV HQG ZH LQLWLDOL]H &$0/(7.) UXQV ZLWK ]HUR DWPRVSKHULF FRQFHQWUDWLRQ RI WKLV V\Q
WKHWLF WUDFHU DQG WKHQ UXQ &$0/(7.) IRUZDUG IRU  PRQWK XVLQJ FRQVWDQW JOREDO HPLVVLRQV
HJ IRU ERWK )HEUXDU\ DQG -XO\  $Q\ XQFHUWDLQWLHV LQ WKH DWPRVSKHULF GLVWULEXWLRQ RI WKLV
WUDFHU DUH VROHO\ GXH WR PHWHRURORJLFDO SDUDPHWHUV QRW GXH WR WKH VSDWLDO GLVWULEXWLRQ RI WKH XQ
GHUO\LQJ ÁX[HV
1H[W ZH FDOFXODWH WKH FRHIÀFLHQW RI YDULDWLRQ &9 DVVRFLDWHG ZLWK WKH PRQWKO\DYHUDJHG VXU
IDFH FRQFHQWUDWLRQV 7KH &9 LV DQ LQYHUWHG VLJQDOWRQRLVH UDWLR LW PHDVXUHV WKH XQFHUWDLQW\ LQ
PRGHOHG VXUIDFH FRQFHQWUDWLRQV UHODWLYH WR WKH DYHUDJH VXUIDFH FRQFHQWUDWLRQ  ֆܟ  )RU H[DPSOH
DQ XQFHUWDLQW\ RI  SSP LQ PRGHOHG FRQFHQWUDWLRQV LV PRVW SUREOHPDWLF LI WKH VLJQDO IURP VXU
IDFH ÁX[HV LV ZHDN DQG D  SSP XQFHUWDLQW\ LV OHVV SUREOHPDWLF LI WKH VLJQDO IURP VXUIDFH VRXUFHV
DQGRU VLQNV LV VWURQJ
)RU WKLV VHWXS WKH &9 HTXDOV WKH VWDQGDUG GHYLDWLRQ LQ WKH PRQWKO\DYHUDJHG VXUIDFH FRQ
FHQWUDWLRQV GLYLGHG E\ WKH PRQWKO\ VXUIDFH FRQFHQWUDWLRQ DYHUDJHG DFURVV DOO  UHDOL]DWLRQV

:H WKHQ SORW WKH WUDFHU &9 DJDLQVW PRQWKO\DYHUDJHG PHWHRURORJLFDO SDUDPHWHUV DQG WKHLU DV
VRFLDWHG XQFHUWDLQWLHV IURP &$0/(7.) 7KHVH UHODWLRQVKLSV JLYH LQVLJKW LQWR WKH PHWHRURORJL
FDO FRQGLWLRQV RU PHWHRURORJLFDO XQFHUWDLQWLHV WKDW DUH DVVRFLDWHG ZLWK PRQWKORQJ ELDVHV LQ WKH
PRGHOHG V\QWKHWLF WUDFHU
 5HVXOWV DQG GLVFXVVLRQ
 8QFHUWDLQWLHV LQ WKH KRXUO\ PRGHOHG &2 FRQFHQWUDWLRQV
%HIRUH H[DPLQLQJ WKH WZR FDVH VWXGLHV LQ GHWDLO ZH ÀUVW SURYLGH FRQWH[W RQ WKH &2 WUDQVSRUW
XQFHUWDLQWLHV HVWLPDWHG ZLWK &7 ÁX[HV DQG &$0/(7.) )LJXUH D DQG E YLVXDOO\ VXPPD
UL]H WKH DYHUDJH KRXUO\ &2 WUDQVSRUW XQFHUWDLQWLHV LQ WKH PRGHO VXUIDFH OD\HU ² WKH GLIIHU
HQFH EHWZHHQ WKH WRS DQG ERWWRP RI WKH  FRQÀGHQFH LQWHUYDOV 7KHVH ÀJXUHV VKRZ KRZ &2
WUDQVSRUW XQFHUWDLQWLHV YDU\ DFURVV WKH JOREH ² IURP  WR  SSP GHSHQGLQJ RQ ORFDWLRQ )XU
WKHUPRUH WKH WUDQVSRUW XQFHUWDLQWLHV LQ )LJ D DQG E VKRZ VHYHUDO GLVWLQFWLYH IHDWXUHV 7KH
ODUJHVW XQFHUWDLQWLHV DUH ORFDOL]HG WR UHJLRQV ZKHUH HLWKHU WKH PDJQLWXGH RU WKH GLXUQDO F\FOH RI
WKH &7 ÁX[HV LV ODUJHVW HJ WKH 86 (DVWHUQ 6HDERDUG DQG VRXWKHUQ 6LEHULD GXULQJ VXPPHUWLPH
WKH $PD]RQ WKH &RQJR DQG HDVWHUQ &KLQD &2 WUDQVSRUW XQFHUWDLQWLHV LQ WKH HDVWHUQ 86 DQG
HDVWHUQ $VLD EOHHG WR D VPDOOHU GHJUHH RYHU WKH DGMDFHQW RFHDQ ZKHUH VXUIDFH ÁX[HV DUH VPDOO
)LJXUH  SODFHV WKHVH WUDQVSRUW XQFHUWDLQWLHV LQ FRQWH[W RI &2 GDWD PHDVXUHG DW WZR REVHU
YDWLRQ VLWHV LQ WKH 8QLWHG 6WDWHV 7KHVH WLPH VHULHV SORWV YDOLGDWH WKH PRGHO·V FDSDFLW\ WR VLPXODWH
GDLO\ YDULDWLRQV LQ &2 FRQFHQWUDWLRQV )XUWKHUPRUH WKH FRPSDULVRQ LOOXVWUDWHV WKH PDJQLWXGH
RI WKH &2 WUDQVSRUW XQFHUWDLQWLHV UHODWLYH WR WKH GLXUQDO F\FOH LQ &2 FRQFHQWUDWLRQV )RU H[DP
SOH WKH XQFHUWDLQWLHV DW $07 LQ -XO\ DUH ∼   RI WKH GLXUQDO UDQJH LQ WKH &2 PHDVXUHPHQWV
2YHUDOO WKH PRGHO HQVHPEOH GHSLFWHG LQ WKHVH SORWV XVXDOO\ HQFDSVXODWHV WKH KRXUO\DYHUDJHG
PHDVXUHPHQWV &7 ÁX[HV DUH HVWLPDWHG XVLQJ WKHVH &2 REVHUYDWLRQV DQG WKH 70 WUDQVSRUW

PRGHO 7UDFHU 0RGHO YHUVLRQ  3HWHUV HW DO  VR RQH PLJKW H[SHFW WKH &$0 PRGHO WR ÀW
WKH &2 REVHUYDWLRQV UHODWLYHO\ ZHOO ,Q WKH LQVWDQFHV ZKHQ WKH PRGHO HQVHPEOH GRHV QRW HQFDS
VXODWH WKH KRXUO\DYHUDJHG &2 PHDVXUHPHQWV RQH RI WKH PDQ\ RWKHU QRQWUDQVSRUW HUURU W\SHV
FRXOG EH WR EODPH WKH HQVHPEOH VSUHDG RQO\ HQFRPSDVVHV WUDQVSRUW HUURUV DQG GRHV QRW LQFOXGH
PHDVXUHPHQW HUURUV HUURUV GXH WR ÀQLWHPRGHO UHVROXWLRQ RU HUURUV LQ WKH ÁX[HV )XUWKHUPRUH
WKHVH LQVWDQFHV FRXOG EH GXH WR VWUXFWXUDO GLIIHUHQFHV EHWZHHQ &$0 DQG 70 LQFOXGLQJ GLIIHU
HQFHV LQ PRGHO UHVROXWLRQ 7KH 6XSSOHPHQW SURYLGHV PRUH H[DPSOH &2 PRGHO²GDWD FRPSDU
LVRQV PHWHRURORJ\ PRGHO YDOLGDWLRQ DQG GDWD DVVLPLODWLRQ GLDJQRVWLFV
 &2 WUDQVSRUW XQFHUWDLQWLHV DW ORQJHU WLPHVFDOHV
7KH XQFHUWDLQW\ LQ PRQWKO\DYHUDJHG &2 FRQFHQWUDWLRQV SURYLGHV RQH PHDVXUH RI KRZ WUDQV
SRUW HUURUV SHUVLVW RYHU WLPH DV GLVFXVVHG LQ 6HFW  )LJXUH F DQG G GLVSOD\ XQFHUWDLQWLHV
LQ WKH PRQWKORQJ DYHUDJH VXUIDFH FRQFHQWUDWLRQV IRU )HEUXDU\ DQG -XO\  ,Q FRQWUDVW WR WKH
KRXUO\ XQFHUWDLQWLHV WKHVH XQFHUWDLQWLHV DUH IDU PRUH VSDWLDOO\ GLVWULEXWHG 7KLV UHVXOW LPSOLHV
WKDW &2 WUDQVSRUW HUURUV FRYDU\ RYHU ORQJHU SHULRGV RI WLPH LQ UHPRWH UHJLRQV FRPSDUHG WR UH
JLRQV ZLWK ODUJH VXUIDFH ÁX[HV 2EVHUYDWLRQ VLWHV WKDW DUH IDU IURP ODUJH ÁX[HV DUH WKHUHIRUH PRUH
OLNHO\ WR SURGXFH D ELDVHG &2 EXGJHW WKDQ VLWHV QHDU WR ODUJH VXUIDFH ÁX[HV 7KHVH ´UHPRWHµ
VLWHV VHH D ORZHU &2 VLJQDO IURP VXUIDFH ÁX[HV DQG WKH WUDQVSRUW HUURUV DW WKHVH ORFDWLRQV JHQHU
DOO\ FRYDU\ RYHU ORQJHU SHULRGV RI WLPH
$ QXPEHU RI IDFWRUV PD\ H[SODLQ WKHVH UHODWLYHO\ ODUJH HUURU FRYDULDQFHV LQ UHPRWH UHJLRQV
&2 WUDQVSRUW RYHU UHPRWH RU RFHDQLF UHJLRQV LV OLNHO\ GRPLQDWHG E\ V\QRSWLFVFDOH ZHDWKHU SDW
WHUQV WKDW HYROYH RYHU PXOWLGD\ WLPH SHULRGV :KHQ &2 LV WUDQVSRUWHG DFURVV WKH RFHDQV RU
UHPRWH DUHDV IURP VRXUFHVLQN UHJLRQV DWPRVSKHULF &2 WUDQVSRUW HUURUV ZRXOG OLNHO\ FRYDU\ DW
WLPHVFDOHV FKDUDFWHULVWLF RI WKLV V\QRSWLFVFDOH DLU ÁRZ 2YHU ODUJH &2 VRXUFHVLQN UHJLRQV E\
FRQWUDVW DWPRVSKHULF FRQFHQWUDWLRQV DUH OLNHO\ LQÁXHQFHG PRUH VWURQJO\ E\ SURFHVVHV WKDW RFFXU

RYHU VPDOOHU WLPH SHULRGV ² JULGVFDOH ZLQGV RU ERXQGDU\ OD\HU PL[LQJ ,Q DGGLWLRQ VXVWDLQHG
WUDQVSRUW HUURUV RYHU UHJLRQV RI ODUJH ELRVSKHUH ÁX[ ZRXOG EH PRUH OLNHO\ WR FDQFHO RXW DW ORQJHU
WLPHVFDOHV ² GXH WR WKH GLXUQDO F\FOH RI ELRVSKHUH &2 XSWDNH DQG UHOHDVH
,Q DGGLWLRQ WR UHPRWH DQG RFHDQ UHJLRQV PRQWKORQJ WUDQVSRUW XQFHUWDLQWLHV DUH DOVR ODUJH
DFURVV WKH HQWLUH 1RUWKHUQ +HPLVSKHUH GXULQJ )HEUXDU\ $ VXEVHTXHQW 6HFW  H[SORUHV SRVVL
EOH UHDVRQV ZK\ WKHVH PRQWKORQJ ELDVHV RFFXU
 &DVH VWXG\  WKH PDJQLWXGH RI WHPSRUDOO\ DQG VSDWLDOO\ FRYDU\LQJ DWPRVSKHULF WUDQV
SRUW HUURUV UHODWLYH WR D &2 ÁX[ HVWLPDWH
:H FRQVWUXFW D FDVH VWXG\ WR XQGHUVWDQG WKH LPSRUWDQFH RI WHPSRUDO DQG VSDWLDO HUURU FRYDUL
DQFHV UHODWLYH WR WKH PDJQLWXGH RI &2 VXUIDFH ÁX[HV )LJXUH  GLVSOD\V WKH UHVXOWV RI WKLV DQDO
\VLV IRU D VHOHFWLRQ RI UHSUHVHQWDWLYH JOREDO &2 REVHUYDWLRQ VLWHV IURP $VLD (XURSH DQG 1RUWK
$PHULFD 7KH \ D[LV RI HDFK EDU SORW LQGLFDWHV WKH GLIIHUHQFH EHWZHHQ WKH WRS DQG ERWWRP RI WKH
 FRQÀGHQFH LQWHUYDO LQ PRQWKO\ PHDQ PRGHOHG FRQFHQWUDWLRQV :H ÀUVW FRQVLGHU WKH UH
VXOWV ZKHQ FRYDULDQFHV LQ DWPRVSKHULF &2 WUDQVSRUW HUURUV DUH LQFOXGHG LQ WKH DQDO\VLV GDUN
EOXH EDUV DQG WKHQ FRPSDUH WKRVH UHVXOWV WR D VHWXS LQ ZKLFK ZH UHPRYH WKHVH HUURU FRYDULDQFHV
OLJKW EOXH EDUV
$W WKLV VHOHFWLRQ RI VLWHV XQFHUWDLQWLHV LQ WKH PRQWKO\ PHDQ DIWHUQRRQ FRQFHQWUDWLRQV UDQJH
IURP  WR  SSP GDUN EOXH EDUV 7KHVH XQFHUWDLQWLHV DUH ORZHU DW PDULQH VLWHV OLNH 5<2 DQG
77$ VHH GHÀQLWLRQV LQ )LJ  DQG DUH KLJKHU DW FRQWLQHQWDO VLWHV ORFDWHG QHDU ODUJH ELRVSKHULF
ÁX[HV VLWHV OLNH )6' DQG :%, 1RWH WKDW WKLV DQDO\VLV RQO\ FRQVLGHUV HVWLPDWHG XQFHUWDLQWLHV
GXH WR PHWHRURORJ\ 7KH FDSDELOLWLHV RI WKH DWPRVSKHULF REVHUYDWLRQV ZRXOG GHWHULRUDWH LI RWKHU
HUURUV ZHUH LQFOXGHG VXFK DV WKRVH GXH WR LPSHUIHFW PHDVXUHPHQWV RU GXH WR ÀQLWHPRGHO UHVR
OXWLRQ HJ *HUELJ HW DO  0DVDULH HW DO 
:H VXEVHTXHQWO\ UHPRYH WHPSRUDO FRYDULDQFHV LQ WKH HUURUV WR LGHQWLI\ WKH UROH WKDW WKHVH FR

YDULDQFHV SOD\ LQ &2 WUDQVSRUW XQFHUWDLQWLHV DW WKH PRQWKO\ VFDOH 7KHVH UHVXOWV DUH GLVSOD\HG
DV OLJKW EOXH EDUV LQ )LJ  :KHQ ZH UHPRYH WKH FRYDULDQFHV WKH PRQWKO\VFDOH XQFHUWDLQWLHV
DUH PXFK VPDOOHU ² E\ D IDFWRU RI ² DW WKH LQGLYLGXDO REVHUYDWLRQ VLWHV ,I &2 WUDQVSRUW HUURUV
ZHUH WHPSRUDOO\ LQGHSHQGHQW WKHQ HUURUV RI RSSRVLWH VLJQ DQG GLIIHUHQW PDJQLWXGH ZRXOG FDQ
FHO RXW WR D GHJUHH ZKHQ DYHUDJHG RYHU  PRQWK OLJKW EOXH EDUV ,QVWHDG WKH WUDQVSRUW HUURUV
HVWLPDWHG E\ &$0/(7.) FRYDU\ LQ WLPH DQG WKLV FRYDULDQFH SUHYHQWV WKH HUURUV IURP DYHUDJ
LQJ GRZQ GDUN EOXH EDUV
$ PXOWLVLWH FRPSDULVRQ LQ )LJ  DGGLWLRQDOO\ LQGLFDWHV WKH UROH RI VSDWLDO FRYDULDQFHV LQ WKH
WUDQVSRUW HUURUV WKH ÀJXUH VKRZV WKH XQFHUWDLQWLHV LQ &2 FRQFHQWUDWLRQV ZKHQ DYHUDJHG DFURVV
PXOWLSOH REVHUYDWLRQ VLWHV ZLWKLQ DQ HFRUHJLRQ :H FRPSXWH WKH PRQWKO\DYHUDJH DIWHUQRRQ
FRQFHQWUDWLRQ DFURVV PXOWLSOH VLWHV IRU D JLYHQ HQVHPEOH PHPEHU :H WKHQ HVWLPDWH D FRQÀGHQFH
LQWHUYDO EDVHG XSRQ WKH GLVWULEXWLRQ RI WKH  HQVHPEOH PHPEHUV
7KH UHVXOWV LQGLFDWH D ODUJH GHJUHH RI VSDWLDO FRYDULDQFH LQ WKH DWPRVSKHULF &2 HUURUV ,I WKH
HUURUV KDG QR VSDWLDO FRYDULDQFH WKHVH HUURUV ZRXOG DYHUDJH GRZQ DV PRUH DQG PRUH REVHUYD
WLRQ VLWHV ZHUH DGGHG WR WKH DQDO\VLV +RZHYHU WKH GDUN EOXH EDUV LQ )LJ  KDYH D VLPLODU PDJ
QLWXGH LUUHVSHFWLYH RI ZKHWKHU WKH DQDO\VLV ZDV FRQGXFWHG RQ DQ LQGLYLGXDO VLWH RU RQ D FROOHFWLRQ
RI PDQ\ VLWHV IURP DQ HFRUHJLRQ WKH HUURUV PXVW WKHUHIRUH FRYDU\ LQ VSDFH ,Q FRQWUDVW WKH OLJKW
EOXH EDUV LH HUURU FRYDULDQFHV UHPRYHG GR GHFUHDVH LQ PDJQLWXGH DW WKH HFRUHJLRQ VFDOH UHOD
WLYH WR LQGLYLGXDO REVHUYDWLRQ VLWHV ,Q WKDW FDVH WKH HUURUV GR DYHUDJH RXW ZKHQ PRUH DQG PRUH
VLWHV DUH LQFOXGHG LQ WKH DQDO\VLV
)LJXUH  SODFHV WKH UHVXOWV RI FDVH VWXG\ RQH LQ WKH FRQWH[W RI WKH VXUIDFH ÁX[HV 7KLV ÀJXUH
GLVSOD\V WKH XQFHUWDLQWLHV LQ DWPRVSKHULF &2 WUDQVSRUW WKH GDUN EOXH EDUV LQ )LJ  DV D IUDF
WLRQ RI WKH PHDQ DIWHUQRRQ &2 ERXQGDU\ OD\HU HQKDQFHPHQW $V GLVFXVVHG LQ 6HFW  WKLV
HQKDQFHPHQW DSSUR[LPDWHV WKH &2 LQFUHPHQW GXH WR UHJLRQDO VXUIDFH ÁX[HV DQG D VLPLODU &2
LQFUHPHQW LV XVHG E\ D QXPEHU RI WRSGRZQ VWXGLHV WR HVWLPDWH WKH VXUIDFH ÁX[HV $W WKH LQGL

YLGXDO REVHUYDWLRQ VLWHV WKH XQFHUWDLQW\ LQ DWPRVSKHULF &2 FRQVWLWXWHV ² RI WKH DYHUDJH
ERXQGDU\ OD\HU &2 HQKDQFHPHQW 7KLV SHUFHQWDJH LV KLJKHVW DW PDULQH VLWHV OLNH 5<2 DQG 77$
WKDW VHH D UHODWLYHO\ VPDOO ERXQGDU\ OD\HU HQKDQFHPHQW DQG WKH UHODWLYH PDJQLWXGH RI WKH XQFHU
WDLQWLHV LV VPDOOHVW DW VLWHV WKDW VHH D YHU\ ODUJH HQKDQFHPHQW GXH WR ODUJH VXPPHUWLPH YHJHWDWLRQ
ÁX[HV HJ DW WKH :%, VLWH 7KH XQFHUWDLQWLHV GXH WR DWPRVSKHULF WUDQVSRUW DUH VXEVWDQWLDO UHO
DWLYH WR WKH ÁX[HV EXW RQO\ ZKHQ ZH LQFOXGH FRYDULDQFHV LQ WUDQVSRUW HUURU :KHQ ZH UHPRYH
WKHVH FRYDULDQFHV WKH XQFHUWDLQW\ LQ PRQWKO\DYHUDJH DIWHUQRRQ FRQFHQWUDWLRQV GURSV WR RQO\
² RI WKH ERXQGDU\ OD\HU HQKDQFHPHQW
7KH UHVXOWV RI WKLV DQDO\VLV KROG VHYHUDO LPSOLFDWLRQV IRU IXWXUH DWPRVSKHULF LQYHUVH PRGHOV
DQGRU WRSGRZQ VWXGLHV WKDW RSWLPL]H &2 ÁX[HV 0RVW H[LVWLQJ LQYHUVH PRGHOV DFFRXQW IRU DW
PRVSKHULF &2 WUDQVSRUW HUURUV LQ WKHLU VWDWLVWLFDO VHWXS ,Q D %D\HVLDQ V\QWKHVLV RU JHRVWDWLVWLFDO
LQYHUVH PRGHO IRU H[DPSOH WKLV LQIRUPDWLRQ LV LQFRUSRUDWHG LQWR D FRYDULDQFH PDWUL[ DQG WKDW
FRYDULDQFH PDWUL[ LV XVHG DV DQ LQSXW WR WKH HTXDWLRQ WKDW RSWLPL]HV WKH &2 ÁX[HV HJ (QWLQJ
 0LFKDODN HW DO  &LDLV HW DO  +RZHYHU WKH PDMRULW\ RI H[LVWLQJ VWXGLHV DVVXPH
WKDW WKLV FRYDULDQFH PDWUL[ LV GLDJRQDO LH QR HUURU FRYDULDQFHV LQ SDUW EHFDXVH WKHVH WHPSR
UDO DQG VSDWLDO FRYDULDQFHV DUH FKDOOHQJLQJ WR HVWLPDWH HJ /LQ 	 *HUELJ  /DXYDX[ HW DO
 7KH SUHVHQW VWXG\ LQ FRQWUDVW LQGLFDWHV WKDW ERWK WHPSRUDO DQG VSDWLDO HUURU FRYDULDQFHV
SOD\ DQ LPSRUWDQW UROH LQ PRQWKO\VFDOH HUURUV LQ DWPRVSKHULF WUDQVSRUW
,JQRULQJ WKHVH HUURU FRYDULDQFHV FRXOG OHDG WR QXPHURXV FKDOOHQJHV :KHQ ZH DGG PRUH GDWD
DW DQ REVHUYDWLRQ VLWH RU DGG PRUH VLWHV WKH DQDO\VLV WKH DFWXDO HUURUV GR QRW DYHUDJH GRZQ WR
WKH H[WHQW WKDW XQFRUUHODWHG HUURUV ZRXOG 5DWKHU DGGLQJ PRUH GDWD RU PRUH REVHUYDWLRQ VLWHV
SURYLGHV PRUH OLPLWHG JDLQV LQ DFFXUDF\ $V D UHVXOW DQ LQYHUVH PRGHO WKDW RYHUORRNV WKH HUURU
FRYDULDQFHV ZLOO HVWLPDWH XQFHUWDLQWLHV LQ WKH &2 ÁX[HV WKDW DUH WRR VPDOO DQGRU WKH LQYHUVH
PRGHO PD\ HUURQHRXVO\ PDS DWPRVSKHULF WUDQVSRUW HUURUV RQWR WKH VXUIDFH ÁX[HV HJ 6WHSKHQV
HW DO  )XWXUH LQYHUVH PRGHOLQJ VWXGLHV FRXOG EHWWHU DFFRXQW IRU WKHVH XQFHUWDLQWLHV E\ LQ

FOXGLQJ RIIGLDJRQDO WHUPV LQ RQH RI WKH FRYDULDQFH PDWULFHV XVHG E\ WKH LQYHUVH PRGHO
7KH QH[W FDVH VWXG\ 6HFW  H[SORUHV WKH PHWHRURORJLFDO IDFWRUV WKDW PD\ EH DVVRFLDWHG
ZLWK WKHVH SHUVLVWHQW DWPRVSKHULF WUDQVSRUW HUURUV
 &DVH VWXG\  ZKLFK PHWHRURORJLFDO IDFWRUV DUH DVVRFLDWHG ZLWK PRQWKORQJ DWPRVSKHULF
WUDQVSRUW ELDVHV"
,Q WKLV FDVH VWXG\ ZH XVH D V\QWKHWLF WUDFHU H[SHULPHQW 6HFW  WR XQFRYHU SRVVLEOH GULYHUV
RI DWPRVSKHULF WUDQVSRUW ELDVHV DW PRQWKORQJ WLPHVFDOHV 7KH SUHYLRXV VHFWLRQ 6HFW  H[
SORUHG WKH LPSRUWDQFH RI FRYDULDQFHV LQ DWPRVSKHULF &2 WUDQVSRUW HUURUV DQG WKLV VHFWLRQ LQ
YHVWLJDWHV WKH PHWHRURORJLFDO FRQGLWLRQV DVVRFLDWHG ZLWK WKHVH SHUVLVWHQW HUURUV
)LJXUH  GLVSOD\V WKH &9 IRU PRQWKO\DYHUDJHG VXUIDFH FRQFHQWUDWLRQV RI WKH V\QWKHWLF WUDFHU
7KH &9 D XQLWOHVV TXDQWLW\ GRHV QRW MXVW LQGLFDWH ZKHUH WKH XQFHUWDLQWLHV DUH ODUJHVW 5DWKHU WKH
&9 LQGLFDWHV WKH PDJQLWXGH RI WKHVH XQFHUWDLQWLHV UHODWLYH WR WKH PHDQ PRGHOHG WUDFHU FRQFHQWUD
WLRQ $UJXDEO\ WKLV QRLVHWRVLJQDO UDWLR PHDVXUHV WKH LQÁXHQFH RI WUDQVSRUW XQFHUWDLQWLHV PRUH
HIIHFWLYHO\ WKDQ D VLPSOH VWDQGDUG GHYLDWLRQ
7KLV FRHIÀFLHQW VKRZV D QXPEHU RI GLVWLQFWLYH VHDVRQDO DQG VSDWLDO SDWWHUQV /LNH WKH XQFHU
WDLQWLHV LQ PRQWKO\DYHUDJHG &2 )LJ F G WKH &9 LQ )LJ  LV KLJKHVW LQ WHUUHVWULDO ERUHDO
DQG DUFWLF UHJLRQV RI WKH 1RUWKHUQ +HPLVSKHUH GXULQJ ZLQWHU 7KH &9 LV ORZHVW RYHU (XURSH
$XVWUDOLD DQG WKH $PD]RQ GXULQJ DOO VHDVRQV
7KH &9 LQ )LJ  H[KLELWV GLIIHUHQW VSDWLDO SDWWHUQV RYHU ODQG DQG RFHDQ UHJLRQV DQG WKHVH
UHVSHFWLYH SDWWHUQV FRUUHODWH ZLWK GLIIHUHQW VHWV RI PHWHRURORJLFDO YDULDEOHV 2YHU WKH RFHDQV IRU
H[DPSOH KLJK &9 YDOXHV LQ )LJ D DUH FOXVWHUHG LQ ]RQDO EDQGV ² DORQJ WKH (TXDWRU DQG DORQJ
◦ 6 ,Q FRQWUDVW KLJK &9 YDOXHV GR QRW FOXVWHU LQWR ]RQDO EDQGV WR WKH VDPH GHJUHH RYHU WHUUHV
WULDO UHJLRQV 5DWKHU &9 YDOXHV DUH RIWHQ KLJK ZKHQ WHPSHUDWXUHV DUH ORZ HJ RYHU &DQDGD RU
5XVVLD LQ )HEUXDU\

:H SORW WKH V\QWKHWLF WUDFHU &9 DJDLQVW QXPHURXV PRGHOHG PHWHRURORJLFDO SDUDPHWHUV WR IXU
WKHU XQGHUVWDQG WKH SRVVLEOH GULYHUV EHKLQG DWPRVSKHULF WUDQVSRUW XQFHUWDLQWLHV DYHUDJHG RYHU
WKHVH PRQWKO\ WLPHVFDOHV 7R WKLV HQG ZH H[DPLQH FRUUHODWLRQV EHWZHHQ WKH WUDFHU &9 DQG 
GLIIHUHQW PHWHRURORJLFDO SDUDPHWHUV LQFOXGLQJ WKH XQFHUWDLQWLHV LQ WKH PHWHRURORJLFDO YDULDEOHV
)LJXUH  GLVSOD\V WKH WZR YDULDEOHV WKDW FRUUHODWH PRVW VWURQJO\ ZLWK WKH WUDFHU &9 RYHU ODQG
UHJLRQV DQG RYHU RFHDQ UHJLRQV UHVSHFWLYHO\
2YHU ODQG UHJLRQV PHWHRURORJLFDO FRQGLWLRQV WKDW OHDG WR KLJK DWPRVSKHULF VWDELOLW\ DQG ORZ
HQHUJ\ DUH PRVW FORVHO\ DVVRFLDWHG ZLWK DWPRVSKHULF WUDQVSRUW HUURUV )RU H[DPSOH D KLJK WUDFHU
&9 LV DVVRFLDWHG ZLWK ORZ WHPSHUDWXUHV 5 = . DQG ORZ VSHFLÀF KXPLGLW\ 5 = . 6LP
LODUO\ D KLJK WUDFHU &9 LV FRUUHODWHG ZLWK ORZ QHW VRODU ÁX[ 5 = . ORZ SODQHWDU\ ERXQGDU\
OD\HU KHLJKW 5 = . DQG ORZ YHUWLFDO GLIIXVLRQ GLIIXVLYLW\ 5 = . 1RWH WKDW PDQ\ RI
WKHVH PHWHRURORJLFDO YDULDEOHV DUH FORVHO\ UHODWHG WR RQH DQRWKHU VR WKH LQGLYLGXDO FRUUHODWLRQV
OLVWHG DERYH DUH DOO LQWHUUHODWHG
,Q DGGLWLRQ VHYHUDO RI WKH PHWHRURORJLFDO YDULDEOHV H[KLELW D QRQOLQHDU UHODWLRQVKLS ZLWK WKH
WUDFHU &9 DQG WKH SRWHQWLDO IRU ELDV LQ PRGHOHG DWPRVSKHULF WUDQVSRUW LQFUHDVHV PRUH TXLFNO\
LQ VWDEOH DWPRVSKHULF FRQGLWLRQV )RU H[DPSOH WKH &9 LQFUHDVHV PRUH TXLFNO\ ZKHQ SODQHWDU\
ERXQGDU\ KHLJKWV DUH ORZ
,Q FRQWUDVW WR ODQG UHJLRQV WKH WUDFHU &9 RYHU WKH RFHDQV LV PRVW FORVHO\ DVVRFLDWHG ZLWK ORZ
]RQDO ZLQG VSHHGV 5 = . )LJ  2YHU ODQG UHJLRQV WKDW FRUUHODWLRQ LV ]HUR 8QFHUWDLQWLHV
LQ DWPRVSKHULF WUDQVSRUW RYHU WKH RFHDQV DUH DOVR DVVRFLDWHG ZLWK ORZ 3%/ KHLJKWV 5 = .
7KHVH WZR PHWHRURORJLFDO YDULDEOHV H[SODLQ GLIIHUHQW SDWWHUQV LQ WKH WUDFHU &9 3%/ KHLJKWV DQG
]RQDO ZLQG VSHHGV RYHU WKH RFHDQ DUH QRW FRUUHODWHG ZLWK RQH DQRWKHU 5 =  VR WKHVH WZR
SDUDPHWHUV PD\ LQGLFDWH GLIIHUHQW SURFHVVHV XQGHUO\LQJ WKH DWPRVSKHULF WUDQVSRUW HUURUV
7KHVH GLIIHUHQFHV EHWZHHQ ODQG DQG RFHDQ UHJLRQV PD\ UHÁHFW GLIIHUHQFHV LQ V\QRSWLFVFDOH
FLUFXODWLRQ 2YHU WKH RFHDQV KLJK &9 YDOXHV DUH FOXVWHUHG LQ ]RQDO EDQGV DQG WKHVH FOXVWHUV

RIWHQ RFFXU DW WKH WUDQVLWLRQ EHWZHHQ GLVWLQFWLYH V\QRSWLF ÁRZ SDWWHUQV 0RGHOHG DWPRVSKHULF
WUDFHU WUDQVSRUW LV PRUH XQFHUWDLQ LQ WKHVH WUDQVLWLRQ UHJLRQV ² DW WKH WUDQVLWLRQ EHWZHHQ VRXWK
HUQ ZHVWHUOLHV DQG VRXWKHUQ WUDGH ZLQGV DQG DW WKH WUDQVLWLRQ EHWZHHQ WKH 1RUWK $WODQWLF WUDGH
ZLQGV DQG WKH ZHVWHUOLHV =RQDO ZLQGV RYHU WKH FRQWLQHQWV DUH RIWHQ PRUH YDULDEOH WKDQ RYHU WKH
RFHDQV )LJ 6 LQ WKH 6XSSOHPHQW DQG DWPRVSKHULF WUDQVSRUW XQFHUWDLQWLHV GR QRW FOXVWHU LQWR
WKH VDPH GLVWLQFWLYH ]RQDO EDQGV
7KH UHVXOWV RI WKLV V\QWKHWLF WUDFHU H[SHULPHQW KROG D QXPEHU RI SRWHQWLDO DSSOLFDWLRQV WR WRS
GRZQ &2 ÁX[ HVWLPDWLRQ 7KH GDQJHU RI REWDLQLQJ D ELDVHG &2 EXGJHW LV OLNHO\ KLJKHU LQ UH
JLRQV ZLWK FRQVLVWHQW ORZ HQHUJ\ DQG OLPLWHG YHUWLFDO PL[LQJ $ QXPEHU RI H[LVWLQJ VWXGLHV LQ
GLFDWH WKDW XQFHUWDLQWLHV LQ 3%/+ DQG YHUWLFDO PL[LQJ DUH FORVHO\ WLHG WR XQFHUWDLQWLHV LQ HVWL
PDWHG WUDFH JDV WUDQVSRUW RU LQ HVWLPDWHG WUDFH JDV ÁX[HV HJ 6WHSKHQV HW DO  :LOOLDPV
HW DO  0LOOHU HW DO E 3LQR HW DO  .UHWVFKPHU HW DO  7KLV VWXG\ IXUWKHU VXJ
JHVWV WKDW VXVWDLQHG WUDQVSRUW HUURUV GXH WR 3%/+ DUH PRUH OLNHO\ LQ UHJLRQV RU DW WLPHV ZKHQ
3%/ KHLJKWV DQG PL[LQJ DUH FRQVLVWHQWO\ ORZ 7KH PHWHRURORJLFDO PRGHO HQVHPEOH LV QRW QHFHV
VDULO\ PRUH XQFHUWDLQ LQ WKHVH UHJLRQV VHH )LJV 6²6 LQ WKH 6XSSOHPHQW 5DWKHU WKH H[WHQW
WR ZKLFK PHWHRURORJLFDO XQFHUWDLQWLHV WUDQVODWH LQWR WUDFHU WUDQVSRUW XQFHUWDLQWLHV DSSHDUV WR GH
SHQG DW OHDVW LQ SDUW RQ WKH VWDELOLW\ DQG QHW HQHUJ\ LQSXW DVVRFLDWHG ZLWK WKH ERXQGDU\ OD\HU
,Q VXPPDU\ ERXQGDU\ OD\HU HQHUJ\ DQG KHLJKW H[SODLQ VRPH RI WKH SDWWHUQV LQ WKH HVWLPDWHG
WUDQVSRUW HUURUV EXW RWKHU SDWWHUQV DUH DVVRFLDWHG ZLWK XQFHUWDLQWLHV LQ V\QRSWLF ÁRZ DQG DUH QRW
UHODWHG WR D VLQJOH PHWHRURORJLFDO SDUDPHWHU ,Q IDFW RYHU ERWK WHUUHVWULDO DQG RFHDQLF UHJLRQV
LQGLYLGXDO PHWHRURORJLFDO SDUDPHWHUV RQO\ H[SODLQ D PD[LPXP RI ² RI WKH YDULDELOLW\ LQ
WKH WUDFHU &9 7KLV UHVXOW VWUHVVHV WKH XWLOLW\ RI D PHWHRURORJLFDO PRGHO WR FDOFXODWH WKH YDULDQFHV
DQG FRYDULDQFHV LQ DWPRVSKHULF WUDQVSRUW HUURUV UDWKHU WKDQ UHO\LQJ RQ D VLQJOH PHWHRURORJLFDO
SUR[\
1RWH WKDW WKLV VWXG\ GRHV QRW DFFRXQW IRU XQFHUWDLQWLHV LQ ERWWRPXS ELRJHRFKHPLFDO ÁX[

PRGHOV GXH WR XQFHUWDLQWLHV LQ GULYLQJ PHWHRURORJLFDO YDULDEOHV )RU H[DPSOH SURFHVVEDVHG
ELRJHRFKHPLFDO PRGHOV RI &2 W\SLFDOO\ UHTXLUH HVWLPDWHV RI PHWHRURORJLFDO YDULDEOHV OLNH KX
PLGLW\ WHPSHUDWXUH RU SUHFLSLWDWLRQ WR FRPSXWH WKH VXUIDFH ÁX[HV $ QXPEHU RI H[LVWLQJ VWXGLHV
KDYH XVHG DWPRVSKHULF GDWD DQGRU DWPRVSKHULF PRGHOV WR H[SORUH WKH PHWHRURORJLFDO YDULDEOHV
WKDW GULYH &2 ÁX[ PRGHOV )RU H[DPSOH /LQ HW DO  H[SORUHG KRZ XQFHUWDLQWLHV LQ ÁX[
PRGHO GULYHUV DIIHFWHG ÁX[HV HVWLPDWHG IRU &DQDGLDQ ERUHDO IRUHVWV 7KH\ IRXQG WKDW XQFHUWDLQ
WLHV LQ GRZQZDUG VKRUWZDYH UDGLDWLRQ FRQWULEXWHG WR WKH ODUJHVW XQFHUWDLQWLHV LQ WKH VLPXODWHG
ÁX[HV 6LPLODUO\ QXPHURXV VWXGLHV LQGLFDWH WKDW ERWK DLU WHPSHUDWXUH DQG KXPLGLW\ DUH GULYHUV
RI &2 ÁX[HV HJ /DZ HW DO  *RXUGML HW DO  7KHVH PHWHRURORJLFDO YDULDEOHV HJ
GRZQZDUG VKRUWZDYH UDGLDWLRQ WHPSHUDWXUH DQG VSHFLÀF KXPLGLW\ FRUUHODWH ZLWK WKH SHUVLV
WHQW DWPRVSKHULF WUDQVSRUW XQFHUWDLQWLHV GLVFXVVHG HDUOLHU LQ WKLV VHFWLRQ $ IXWXUH VWXG\ FRXOG
FRQQHFW WKHVH XQFHUWDLQWLHV LQ WKH ELRJHRFKHPLFDO PRGHO DQG LQ DWPRVSKHULF WUDQVSRUW WR JDLQ
DQ HYHQ EURDGHU SLFWXUH RI KRZ PHWHRURORJLFDO XQFHUWDLQWLHV DIIHFW &2 ÁX[ PRGHOLQJ DQG XOWL
PDWHO\ WRSGRZQ &2 ÁX[ HVWLPDWHV
 &RQFOXVLRQV
:H XVH &$0/(7.) WR H[SORUH WKH FKDUDFWHULVWLFV RI FRUUHODWHG RU FRYDU\LQJ DWPRVSKHULF &2
WUDQVSRUW HUURUV DQG WKH LPSOLFDWLRQV RI WKRVH HUURUV IRU &2 ÁX[ HVWLPDWHV 7KH ÀUVW FDVH VWXG\
H[DPLQHV WKH UHODWLYH PDJQLWXGH RI WKHVH HUURUV DW WKH PRQWKO\ WLPHVFDOH $W WKLV VFDOH HUURU FR
YDULDQFHV SOD\ D FULWLFDO UROH LQ WKH XQFHUWDLQWLHV LQ PRGHOHG DWPRVSKHULF &2 ZH ÀQG WKDW XQ
FHUWDLQWLHV LQFUHDVH E\ D IDFWRU RI ² DW LQGLYLGXDO &2 REVHUYDWLRQ VLWHV ZKHQ ZH LQFOXGH WKH
HUURU FRYDULDQFHV LQ WKH DQDO\VLV 7KHVH PRQWKO\VFDOH HUURUV FRUUHVSRQG WR ² RI WKH DIWHU
QRRQ &2 ERXQGDU\ OD\HU HQKDQFHPHQW GHSHQGLQJ RQ WKH VLWH LQ TXHVWLRQ
([LVWLQJ WRSGRZQ VWXGLHV RIWHQ RYHUORRN WKHVH FRYDULDQFHV DQG WKHVH UHVXOWV LPSO\ WKDW DW

PRVSKHULF &2 PHDVXUHPHQWV FRQWDLQ OHVV LQIRUPDWLRQ DERXW WKH ÁX[HV WKDQ LV RIWHQ DVVXPHG
$V D UHVXOW H[LVWLQJ LQYHUVH PRGHOV PD\ XQGHUHVWLPDWH WKH XQFHUWDLQWLHV LQ HVWLPDWHG &2 ÁX[HV
DQGRU PD\ EH YXOQHUDEOH WR XQIRUHVHHQ ELDVHV LQ WKH HVWLPDWHG ÁX[HV $FFRXQWLQJ IRU WKHVH FRU
UHODWHG HUURUV FDQ EH DV VLPSOH DV PRGLI\LQJ RQH RI WKH FRYDULDQFH PDWUL[ LQSXWV LQ D %D\HVLDQ
LQYHUVH PRGHO
,Q D VXEVHTXHQW FDVH VWXG\ ZH LQYHVWLJDWH WKH PHWHRURORJLFDO IDFWRUV DVVRFLDWHG ZLWK PRQWK
ORQJ ELDVHV LQ DWPRVSKHULF WUDQVSRUW 7KH ODUJHVW VKRUWWHUP &2 WUDQVSRUW HUURUV FRUUHODWH VWURQJO\
ZLWK WKH ORFDWLRQ RI WKH ODUJHVW VXUIDFH ÁX[HV EXW PRQWKORQJ ELDVHV LQ DWPRVSKHULF WUDQVSRUW DUH
QRW RQO\ ORFDOL]HG WR UHJLRQV ZLWK ODUJH ÁX[HV 5DWKHU WKHVH ELDVHV PD\ EH PRUH OLNHO\ WR RFFXU
DW REVHUYDWLRQ VLWHV WKDW DUH IDU IURP ODUJH ÁX[HV DQG LQ UHJLRQV ZLWK KLJK DWPRVSKHULF VWDELO
LW\ DQG ORZ QHW UDGLDWLRQ 2YHU WKH RFHDQV ELDVHV LQ DWPRVSKHULF WUDQVSRUW DUH DOVR DVVRFLDWHG
ZLWK ZHDN ]RQDO ZLQGV ([LVWLQJ WRSGRZQ ÁX[ VWXGLHV PD\ EH PRUH OLNHO\ WR HVWLPDWH LQDFFX
UDWH UHJLRQDO ÁX[HV XQGHU WKRVH FRQGLWLRQV +RZHYHU D ODUJH IUDFWLRQ RI WKH HVWLPDWHG DWPR
VSKHULF WUDQVSRUW HUURUV FDQQRW EH GHVFULEHG E\ D VLQJOH PHWHRURORJLFDO SDUDPHWHU 7KLV UHVXOW
LQGLFDWHV WKH XWLOLW\ RI D PHWHRURORJLFDO PRGHOLQJ V\VWHP OLNH &$0/(7.) WR HVWLPDWH HUURUV
LQ DWPRVSKHULF &2 WUDQVSRUW 7KURXJK WKLV IUDPHZRUN ZH FDQ EHWWHU XQGHUVWDQG WKH FRQQHF
WLRQV EHWZHHQ XQFHUWDLQ DWPRVSKHULF WUDQVSRUW DQG XQFHUWDLQWLHV LQ &2 EXGJHWV HVWLPDWHG IURP
DWPRVSKHULF GDWD

6-hourly uncertainties (95% confidence interval): 
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)LJXUH  7KH WRS SDQHOV GLVSOD\ DYHUDJH KRXUO\ &2 WUDQVSRUW XQFHUWDLQWLHV HVWLPDWHG E\ &$0
/(7.) 7KH XQFHUWDLQWLHV  FRQÀGHQFH LQWHUYDOV DUH IRU WKH VXUIDFH PRGHO OD\HU IRU D )HEUXDU\ DQG
E -XO\  7KH ERWWRP SDQHOV F DQG G LQ FRQWUDVW GLVSOD\ WKH XQFHUWDLQWLHV LQ PRQWKORQJ DYHUDJHG
VXUIDFH &2 FRQFHQWUDWLRQV 1RWH WKDW WKHVH SORWV LQFOXGH PRGHO RXWSXW IURP DOO  K RI HDFK GD\ 7KH
6XSSOHPHQW SURYLGHV DQDORJRXV ÀJXUHV IRU GD\WLPH RU QLJKWWLPHRQO\ PRGHO RXWSXW

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)LJXUH  +RXUO\DYHUDJHG &2 PHDVXUHPHQWV DW D 0RRG\ 7H[DV DQG E $UJ\OH 0DLQH FRPSDUHG
DJDLQVW WKH &$0/(7.) PRGHO HQVHPEOH 0HDVXUHPHQWV DUH IURP WKH WRS LQOHW KHLJKW DW HDFK ORFDWLRQ ,Q
WKLV ÀJXUH WKH PRGHO HQVHPEOH UHSUHVHQWV XQFHUWDLQWLHV GXH WR DWPRVSKHULF WUDQVSRUW EXW QRW RWKHU HUURUV
HJ GXH WR WKH ÁX[HV DQG PRGHO UHVROXWLRQ

95% confidence interval: monthly mean modeled concentrations (1pm-7pm local time)
a) February                        b) July
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)LJXUH  7KH XQFHUWDLQWLHV LQ PRQWKO\DYHUDJHG DIWHUQRRQ DWPRVSKHULF &2 6HFWV   DW D VH
OHFWLRQ RI UHSUHVHQWDWLYH JOREDO &2 REVHUYDWLRQ VLWHV 3DQHOV D DQG E VKRZ WKH UHVXOWV DW HDFK VLWH IRU
)HEUXDU\ DQG -XO\  UHVSHFWLYHO\ 'DUN EOXH EDUV LQGLFDWH WKH GLIIHUHQFH EHWZHHQ WKH WRS DQG ERWWRP
RI WKH  FRQÀGHQFH LQWHUYDO ZKHQ ZH LQFOXGH HUURU FRYDULDQFHV 7KH OLJKW EOXH EDUV LQGLFDWH WKH UHVXOWV
ZKHQ ZH UHPRYH WKHVH FRYDULDQFHV LQ DWPRVSKHULF WUDQVSRUW HUURUV 2EVHUYDWLRQ VLWHV LQ WKH ÀJXUH LQ
FOXGH 5\RUL -DSDQ 5<2 2FKVHQNRSI *HUPDQ\ 2;. 7DON 7RZHU $QJXV 8. 77$ (DVW 7URXW /DNH
6DVNDWFKHZDQ &DQDGD (7/ )UDVHUGDOH 2QWDULR &DQDGD )6' DQG :HVW %UDQFK ,RZD 86$ :%, )RU
PRUH LQIRUPDWLRQ RQ WKHVH REVHUYDWLRQ VLWHV UHIHU WR 7DEOH 6 LQ WKH 6XSSOHPHQW

Uncertainty in monthly mean modeled concentrations as a percentage of the CO2 increment from surface fluxes
a) February                        b) July
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)LJXUH  8QFHUWDLQW\ LQ PRQWKO\DYHUDJHG DIWHUQRRQ &2 FRQFHQWUDWLRQV DV D SHUFHQWDJH RI WKH DYHUDJH
DIWHUQRRQ &2 ERXQGDU\ OD\HU HQKDQFHPHQW 7KLV ÀJXUH SODFHV WKH XQFHUWDLQWLHV IURP )LJ  GDUN EOXH
EDUV LQ FRQWH[W RI WKH DIWHUQRRQ &2 LQFUHPHQW IURP VXUIDFH ÁX[HV /DUJHU SHUFHQWDJHV LQGLFDWH JUHDWHU
SRWHQWLDO IRU ELDV LQ PRQWKO\ &2 EXGJHWV HVWLPDWHG IURP DWPRVSKHULF GDWD
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)LJXUH  7KH FRHIÀFLHQW RI YDULDWLRQ &9 XQLWOHVV IRU WKH PRQWKO\DYHUDJHG PRGHO VXUIDFH OD\HU 7KH
UHVXOWV SORWWHG KHUH DUH IRU WKH V\QWKHWLF WUDFHU VLPXODWLRQ 6HFWV   ,Q WKDW VLPXODWLRQ WKH V\Q
WKHWLF ÁX[HV KDYH D FRQVWDQW VSDWLDO GLVWULEXWLRQ 7KH UHVXOWLQJ &9 ֆ /ܟ VKRZV WKH GLVWULEXWLRQ RI PRQWK
ORQJ VXUIDFHOHYHO WUDQVSRUW XQFHUWDLQWLHV LQGHSHQGHQW RI WKH VSDWLDO GLVWULEXWLRQ LQ WKH ÁX[HV

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Tracer 
CV:
)LJXUH  (DFK SDQHO VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH V\QWKHWLF WUDFHU &9 )LJ  DQG YDULRXV
PRQWKO\DYHUDJHG PHWHRURORJLFDO SDUDPHWHUV HVWLPDWHG E\ &$0/(7.) 7KH WRS URZ D VKRZV WKH UH
VXOWV IRU WHUUHVWULDO UHJLRQV ZKLOH WKH ERWWRP URZ E GLVSOD\V WKH UHVXOWV IRU RFHDQPDULQH UHJLRQV 'DUNHU
FRORUV LQ HDFK SDQHO LQGLFDWH D KLJKHU GHQVLW\ RI SRLQWV :H WHVW WKH FRUUHODWLRQ ZLWK  GLIIHUHQW SDUDPH
WHUV 7DEOH 6 LQ WKH 6XSSOHPHQW DQG SORW WKH WZR SDUDPHWHUV WKDW FRUUHODWH PRVW FORVHO\ ZLWK WKH WUDFHU
&9 RYHU WHUUHVWULDO DQG PDULQH UHJLRQV UHVSHFWLYHO\ ,Q DOO FDVHV ZH ÀW ERWK D VWDQGDUG PDMRU D[LV UHJUHV
VLRQ DQG QRQOLQHDU OHDVW VTXDUHV  [շ×SDUDPHWHU+շ]  DQG SORW WKH UHJUHVVLRQ ZLWK WKH KLJKHU FRUUHODWLRQ FRHI
ÀFLHQW

&RQFOXVLRQ
,Q WKLV WKHVLV ZH XVH DWPRVSKHULF GDWD WR HVWLPDWH WKH PDJQLWXGH VSDWLDO GLVWULEXWLRQ DQG VHD
VRQDOLW\ RI 12 DQG &+ HPLVVLRQV RYHU 1RUWK $PHULFD :H DOVR OHYHUDJH QRYHO VWDWLVWLFDO WHFK
QLTXHV WR LQIHU LQIRUPDWLRQ DERXW WKH SODXVLEOH VRXUFH VHFWRUV RU SURFHVVHV GULYLQJ WKHVH HPLV
VLRQV :H WKHQ DQDO\]H KRZ WKRVH GULYHUV GLIIHU IURP H[LVWLQJ ERWWRPXS HVWLPDWHV 7KURXJK
WKHVH HIIRUWV WKLV UHVHDUFK FUHDWHV SDWKZD\V WR UHFRQFLOH GLIIHUHQFHV EHWZHHQ ERWWRPXS HPLV
VLRQV HVWLPDWHV DQG WKH LQIRUPDWLRQ FRQWDLQHG ZLWKLQ PHDVXUHG DWPRVSKHULF FRQFHQWUDWLRQV
:H HVWLPDWH DQWKURSRJHQLF 12 DQG &+ HPLVVLRQV WKDW JUHDWO\ H[FHHG PRVW H[LVWLQJ LQYHQ
WRU\ HVWLPDWHV ,Q FRQWUDVW ZH HVWLPDWH QDWXUDO &+ VRXUFHV WKDW DUH VPDOOHU WKDQ PRVW H[LVWLQJ
SURFHVVEDVHG ELRJHRFKHPLFDO PRGHOV 0\ UHVXOWV LQGLFDWH WKDW WRWDO 12 HPLVVLRQV LQ WKH 86
DUH OLNHO\  WR  WLPHV KLJKHU WKDQ WKH FRPPRQO\XVHG ERWWRPXS 86 (QYLURQPHQWDO 3URWHF
WLRQ $JHQF\ (3$ LQYHQWRU\ )XUWKHUPRUH ZH ÀQG DQWKURSRJHQLF PHWKDQH HPLVVLRQV WKDW DUH
DSSUR[LPDWHO\  WLPHV H[LVWLQJ (3$ HVWLPDWHV
:H IXUWKHU H[DPLQH VHDVRQDO YDULDELOLW\ LQ WKH HPLVVLRQV 12 VRXUFHV RYHU WKH 86 DUH KLJKO\
VHDVRQDO DQG SHDN HDUO\ LQ WKH JURZLQJ VHDVRQ )RU H[DPSOH HPLVVLRQV LQ -XQH DUH DSSUR[L

PDWHO\  ²  WLPHV ODUJHU WKDQ HPLVVLRQV LQ ZLQWHU PRQWKV ,Q WKH FDVH RI PHWKDQH ZH HVWLPDWH
D VHDVRQDO F\FOH LQ ZHWODQG PHWKDQH HPLVVLRQV WKDW LV EURDGHU WKDQ LQ PRVW H[LVWLQJ ELRJHRFKHP
LFDO PRGHOV 7KHVH H[LVWLQJ PRGHOV DSSHDU WR VKXW RII PHWKDQH HPLVVLRQV SUHPDWXUHO\ GXULQJ WKH
IDOO VHDVRQ DQG PD\ EH WRR VHQVLWLYH WR VXUIDFH WHPSHUDWXUHV DPRQJ SRVVLEOH H[SODQDWLRQV 86
DQWKURSRJHQLF PHWKDQH HPLVVLRQV E\ FRQWUDVW VKRZ QR VLJQLÀFDQW VHDVRQDO F\FOH
:H DOVR HVWLPDWH D VSDWLDO GLVWULEXWLRQ RI 12 DQG &+ HPLVVLRQV XVLQJ DWPRVSKHULF GDWD DQG
WKHVH HVWLPDWHV RIWHQ GLIIHU IURP WKH GLVWULEXWLRQ LQ H[LVWLQJ ERWWRPXS LQYHQWRULHV RU PRGHOV
:H ÀQG WKH ODUJHVW 12 HPLVVLRQV LQ ,RZD DQG &DOLIRUQLD ZKHUH IHUWLOL]HU XVH LV KLJKHVW QRW RYHU
*XOI &RDVW ZHWODQGV ZKHUH WKH '/(0 LQYHQWRU\ SUHGLFWV WKH ODUJHVW HPLVVLRQV 7KHVH UHVXOWV
LPSO\ WKDW IHUWLOL]HU DSSOLFDWLRQ QRW VRLO PRLVWXUHWHPSHUDWXUH LV WKH SULPDU\ GULYHU RI 12
UHOHDVH IURP VRLOV
2XU PHWKDQH HVWLPDWHV DOVR KDYH D GLIIHUHQW VSDWLDO GLVWULEXWLRQ IURP H[LVWLQJ LQYHQWRULHV
:H ÀQG WKDW WKUHH VWDWHV DORQH DFFRXQW IRU ∼ RI DOO 86 PHWKDQH HPLVVLRQV ² 7H[DV 2NOD
KRPD DQG .DQVDV $WPRVSKHULF PHWKDQH PHDVXUHPHQWV LQ WKRVH VWDWHV FRUUHODWH VWURQJO\ ZLWK
SURSDQH D WUDFHU RI WKH RLO DQG JDV LQGXVWULHV 7R WKDW HQG WKLV WKHVLV LQGLFDWHV WKDW PHWKDQH
OHDNV IURP WKH RLO DQG JDV LQGXVWULHV IDU H[FHHG 86 JRYHUQPHQW HVWLPDWHV WKDW DUH EDVHG XSRQ
OLPLWHG PHDVXUHPHQWV DW LQGLYLGXDO ZHOO VLWHV ,Q DGGLWLRQ ZH ÀQG WKDW H[LVWLQJ LQYHQWRULHV
OLNHO\ XQGHUHVWLPDWH PHWKDQH HPLVVLRQV IURP UXPLQDQWV DQG PDQXUH E\ D IDFWRU RI WZR ,Q VXP
PDU\ RXU UHVXOWV LQGLFDWH D YHU\ GLIIHUHQW PDJQLWXGH DQG GLVWULEXWLRQ RI DQWKURSRJHQLF PHWKDQH
HPLVVLRQV LQ WKH 86 WKDQ SUHYLRXVO\ HVWLPDWHG
2YHU ZHWODQG UHJLRQV ZH ÀQG WKDW PRVW H[LVWLQJ ELRJHRFKHPLFDO PHWKDQH PRGHOV FRQWULEXWH
QHJDWLYH LQIRUPDWLRQ RQ WKH VSDWLDO GLVWULEXWLRQ RI ZHWODQG ÁX[HV RQO\  RI H[LVWLQJ ELR
JHRFKHPLFDO PRGHOV GHVFULEH WKH GLVWULEXWLRQ RI ÁX[HV PRUH HIIHFWLYHO\ WKDQ D VSDWLDO FRQVWDQW
DV VHHQ WKURXJK DWPRVSKHULF REVHUYDWLRQV 7KH EHVW PRGHOV HVWLPDWH ZHWODQG FRYHUDJH XVLQJ
ODQG FRYHU PDSV LQVWHDG RI XVLQJ UHPRWH VHQVLQJ LQXQGDWLRQ GDWDVHWV :H DOVR EXLOW D UHODWLYHO\

VLPSOH PHWKDQH ÁX[ PRGHO WKDW VKRZV EHWWHU DJUHHPHQW ZLWK DYDLODEOH DWPRVSKHULF REVHUYD
WLRQV WKDQ WKH PRVW VRSKLVWLFDWHG RU FRPSOHWH SURFHVV PRGHOV 7KHVH UHVXOWV XVLQJ D PRGHOGDWD
IXVLRQ FDQ KHOS UHFRQFLOH ODUJH H[LVWLQJ XQFHUWDLQWLHV LQ PHWKDQH ÁX[HV IURP WHPSHUDWH DQG ER
UHDO ZHWODQGV
1HZ DQG IRUWKFRPLQJ 12 DQG &+ REVHUYDWLRQV SURPLVH WR FUHDWH D ZHDOWK RI RSSRUWXQLWLHV
IRU IXWXUH ZRUN 7KHVH REVHUYDWLRQV LQFOXGH PRUH WKDQ  86 WRZHUEDVHG VLWHV IURP D SULYDWHO\
IXQGHG HIIRUW E\ (DUWK 1HWZRUNV QHZ REVHUYDWLRQ VLWHV RSHUDWHG E\ (QYLURQPHQW &DQDGD DQG
QHZ UHPRWH VHQVLQJ HIIRUWV WKDW LQFOXGH WKH 752320, VDWHOOLWH LQVWUXPHQW $Q LPSRUWDQW IX
WXUH FKDOOHQJH ZLOO EH WR OHYHUDJH WKLV ZHDOWK RI GDWD LQ D ZD\ WKDW FDQ SURYLGH LQIRUPDWLRQ DERXW
LQGLYLGXDO VRXUFH VHFWRUV RU ÁX[ GULYHUV LQIRUPDWLRQ WKDW FDQ EH FRPSDUHG GLUHFWO\ DJDLQVW WKH
FRPSRQHQWV RI DQ HPLVVLRQV LQYHQWRU\ ,Q 0DUFK  WKH 2EDPD DGPLQLVWUDWLRQ DQQRXQFHG
WKH &OLPDWH $FWLRQ 3ODQ IRU 0HWKDQH DQG KDV UHFHQWO\ GHYHORSHG WDUJHWV IRU WKH RLO DQG JDV LQ
GXVWULHV 7KHVH UHJXODWLRQV ZLOO UHTXLUH LQGHSHQGHQW PHDQV WR HYDOXDWH PHWKDQH HPLVVLRQV SDU
WLFXODUO\ DSSURDFKHV WKDW FDQ SURYLGH UHOLDEOH LQIRUPDWLRQ RQ LQGLYLGXDO VRXUFHV 7KLV WKHVLV LV D
VWHSSLQJVWRQH WRZDUG WKDW ORQJWHUP JRDO

$6XSSOHPHQWDO PDWHULDO IRU FKDSWHU 
7KLV VXSSOHPHQW FRQWDLQV IXUWKHU H[SODQDWLRQ RI WKH PRGHOLQJ DQG VWDWLVWLFDO PHWKRGV DQG SUR
YLGHV DGGLWLRQDO PRGHO YDOLGDWLRQ
$ $WPRVSKHULF PRGHOLQJ DSSURDFK
$ 7UDQVSRUW PRGHO RYHUYLHZ
7KLV VWXG\ XWLOL]HV 67,/7 WKH 6WRFKDVWLF 7LPH,QYHUWHG /DJUDQJLDQ 7UDQVSRUW PRGHO IRU DOO DW
PRVSKHULF WUDQVSRUW VLPXODWLRQV /LQ HW DO  0RGHO UXQV XVH DQ HQVHPEOH RI  SDUWLFOHV
IROORZHG  GD\V EDFN LQ WLPH 7KH PHWKDQH LQFUHPHQWV FRPSXWHG IURP FRQWLQHQWDO VXUIDFH
VRXUFHV DUH DGGHG WR WKH PHWKDQH ERXQGDU\ FRQGLWLRQ WKH FRQFHQWUDWLRQ RI PHWKDQH LQ DLU PDVVHV
EHIRUH EHLQJ LQÁXHQFHG E\ HPLVVLRQV LQ 1RUWK $PHULFD
7KH PRGHO HTXDWLRQ FDQ EH ZULWWHQ DV *HUELJ HW DO 
] = +V+ ε $

ZKHUH ] GLPHQVLRQV Q×  LV WKH FRQWULEXWLRQ RI FRQWLQHQWDO VRXUFHV WR WKH REVHUYDWLRQ VLWHV DQG
V P ×  DUH WKH WUXH XQNQRZQ PHWKDQH HPLVVLRQV $Q\ HVWLPDWH RI WKH XQNQRZQ HPLVVLRQV V
LV WHUPHG Vˆ 7KH WRWDO PHWKDQH FRQFHQWUDWLRQ PHDVXUHG DW WKH WRZHU RU DLUFUDIW LV JLYHQ E\ ] + E
ZKHUH E Q ×  LV WKH ERXQGDU\ FRQGLWLRQ 7KH LQÁXHQFH IRRWSULQW + JLYHV WKH FRQFHQWUDWLRQ HQ
KDQFHPHQW DW WKH PHDVXUHPHQW VLWH GXH WR XQLW HPLVVLRQ ÁX[ IURP HDFK JULG FHOO 7KH IRRWSULQW
KDV XQLWV RI FRQFHQWUDWLRQ SHU VXUIDFH ÁX[ RU SSE SHU ܟPRO P−V− (DFK URZ RI + Q × P LV
WKH IRRWSULQW DVVRFLDWHG ZLWK DQ LQGLYLGXDO PHWKDQH PHDVXUHPHQW )LQDOO\ ε Q ×  GHVFULEHV
PRGHOGDWD PLVPDWFK HUURUV DOO PRGHO RU PHDVXUHPHQW HUURUV WKDW DUH XQUHODWHG WR DQ LPSHUIHFW
HPLVVLRQV HVWLPDWH ,Q RWKHU ZRUGV WKLV PLVPDWFK UHPDLQV WKH VDPH LUUHVSHFWLYH RI WKH HPLVVLRQV
HVWLPDWH ˆV XVHG LQ WKH PRGHO 7KH PLVPDWFK LQFOXGHV EXW LV QRW OLPLWHG WR HUURUV LQ PRGHOHG
WUDQVSRUW WKH PHWKDQH ERXQGDU\ FRQGLWLRQ E DQG WKH PHWKDQH PHDVXUHPHQWV &RPPRQ LQ
YHUVLRQ IUDPHZRUNV EDVHG RQ *DXVVLDQ VWDWLVWLFV LQFOXGLQJ WKLV RQH DVVXPH WKDW DOO PRGHOGDWD
PLVPDWFK HUURUV ε DUH UDQGRP ZLWK D PHDQ RI ]HUR DQG D FRYDULDQFH GHVFULEHG E\ WKH Q × Q
PDWUL[ 5
67,/7 WUDMHFWRULHV DUH GULYHQ E\ :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ PRGHO :5) YHUVLRQ 
PHWHRURORJLFDO ÀHOGV 6NDPDURFN HW DO  1HKUNRUQ HW DO  2XU :5) VLPXODWLRQV FRQ
VLVW RI VHTXHQWLDO KRXU PHWHRURORJLFDO IRUHFDVWV LQLWLDWHG GDLO\ IURP 1$55 1RUWK $PHULFDQ
5HJLRQDO 5HDQDO\VLV $OO VLPXODWLRQV LQFOXGH FRQYHFWLRQ XVLQJ D *UHOO'HYHQ\L VFKHPH *UHOO 	
'HYHQ\L  7KHVH ZLQG ÀHOGV XVH D QHVWHG UHVROXWLRQ NP RYHU PRVW RI WKH FRQWLQHQWDO
8QLWHG 6WDWHV DQG NP RYHU RWKHU 1RUWK $PHULFDQ UHJLRQV
$ 0HWKDQH ERXQGDU\ FRQGLWLRQ
7KH ERXQGDU\ FRQGLWLRQ E FRXOG EH FRQVWUXFWHG HLWKHU IURP LQWHUSRODWHG PHDVXUHPHQWV RU IURP
WKH RXWSXW RI D JOREDO FKHPLFDO WUDFHU PRGHO VXFK DV *HRV&KHP :H FKRRVH WKH IRUPHU DS
SURDFK GXH WR XQFHUWDLQWLHV DVVRFLDWHG ZLWK WKH JOREDO GLVWULEXWLRQ RI PHWKDQH HPLVVLRQV

:H FRQVWUXFW WKH ERXQGDU\ FRQGLWLRQ XVLQJ D WZR VWDJH SURFHVV )LUVW ZH XVH DQ HPSLULFDO
PHWKDQH ERXQGDU\ FXUWDLQ RYHU WKH 3DFLÀF 2FHDQ DV DQ LQLWLDO JXHVV IRU E 7KLV ZHVWHUQ FXUWDLQ
FRQVLVWV RI 12$$ PHDVXUHPHQWV QHDU RU RYHU WKH 3DFLÀF 2FHDQ LQWHUSRODWHG ODWLWXGLQDOO\ YHUWL
FDOO\ DQG GDLO\ XVLQJ D FXUYHÀWWLQJ SURFHGXUH 7KRQLQJ HW DO  7KH LQGLYLGXDO WUDMHFWRULHV
LQ HYHU\ WUDMHFWRU\ 67,/7 VLPXODWLRQ W\SLFDOO\ HQG DW GLIIHUHQW ORFDWLRQV DQG UHDFK WKH ZHVW
HUQ ERXQGDU\ DW GLIIHUHQW ODWLWXGHV WLPHV RU HOHYDWLRQV 7KH PHDQ VWDWLVWLFV RI WKH WUDMHFWRU\ HQ
VHPEOH DW WKH ZHVWHUQ FXUWDLQ SURYLGH WKH LQLWLDO YDOXH IRU E 0RVW RI WKH 67,/7 EDFNWUDMHFWRULHV
LQ WKLV VWXG\ UHDFK WKH 3DFLÀF FRDVWOLQH OHVV WKDQ  GD\V DIWHU OHDYLQJ WKH REVHUYDWLRQ VLWH 
 RI WUDMHFWRULHV RULJLQDWLQJ IURP WKH :*& VLWH  RI WKRVH RULJLQDWLQJ DW %$2  DW
:%, DQG  IURP :.7 UHDFK WKH 3DFLÀF 2FHDQ 7KH 0DUWKD·V 9LQH\DUG DQG $UJ\OH 0DLQH
VLWHV KDYH WKH ORZHVW IUDFWLRQ RI WUDMHFWRULHV UHDFK WKH 3DFLÀF 2FHDQ  DQG  UHVSHFWLYHO\
WKRXJK PDQ\ RI WKH UHPDLQLQJ WUDMHFWRULHV QHYHU H[LW WKH FRQWLQHQW GXULQJ WKH  GD\ VSDQ RI WKH
WUDMHFWRU\ UXQ
6HFRQG ZH XVH 12$$ DLUFUDIW REVHUYDWLRQV RYHU 1RUWK $PHULFD LQ WKH IUHH WURSRVSKHUH >P
WR ÀW WKH LQLWLDO ERXQGDU\ HVWLPDWH WR UHJLRQDO FRQGLWLRQV RU DLUÁRZ SDWWHUQV 7KH DGMXVWPHQW
LV PRVW UHOHYDQW IRU REVHUYDWLRQ VLWHV IDUWKHU IURP WKH ZHVWHUQ FXUWDLQ HJ 0DVVDFKXVHWWV DQG
0DLQH :H FDOFXODWH IRU GLIIHUHQW UHJLRQV DQG VHDVRQV WKH PHDQ PRGHOREVHUYDWLRQ GLIIHU
HQFH DERYH P XVLQJ WKH LQLWLDO ERXQGDU\ JXHVV DQG ('*$5 Y 5HJLRQV LQFOXGH WKH ZHVW
HUQ HDVWHUQ VRXWKFHQWUDO DQG QRUWKFHQWUDO SRUWLRQV RI WKH 8QLWHG 6WDWHV RYHU ZLQWHU VSULQJ
VXPPHU DQG IDOO 7KH SXUSRVH RI WKLV DGMXVWPHQW LV WZRIROG )LUVW LW DFFRXQWV IRU WKH LQÁRZ RI
´FOHDQ EDFNJURXQGµ DLU WKDW PD\ HQWHU D UHJLRQ RXWVLGH WKH SUHYDLOLQJ ZHVWHUOLHV 6HFRQG LW DF
FRXQWV IRU WKH VPDOO DPRXQW RI PHWKDQH R[LGDWLRQ WKDW PD\ RFFXUU HQ URXWH EHWZHHQ WKH ZHVW
HUQ ERXQGDU\ FXUWDLQ DQG WKH PHWKDQH PHDVXUHPHQW VLWHV 7KLV DLUFUDIWEDVHG DGMXVWPHQW KDV
D PHDQ RI −. SSE DQG D PD[LPXP PDJQLWXGH RI − SSE $Q LQYHUVLRQ XVLQJ WKH LQLWLDO ZHVW
HUQ ERXQGDU\ FXUWDLQ ZLWKRXW WKH UHJLRQDO DGMXVWPHQW HVWLPDWHV PHWKDQH EXGJHWV RI  DQG 

7J& \U− IRU WKH 86 DQG 7H[DV2NODKRPD.DQVDV UHVSHFWLYHO\ ZLWKLQ DERXW  RI WKH ÀQDO EHVW
HVWLPDWH LQ WKH PDLQ DUWLFOH
7KH ERXQGDU\ FRQGLWLRQ H[KLELWV PDUNHG VHDVRQDOLW\ ZLWK DQ DYHUDJH  SSE SHDN LQ ZLQWHU
7KLV SHDN UHÁHFWV ODUJHVFDOH VHDVRQDO FKDQJHV LQ 1RUWKHUQ +HPLVSKHUH FOHDQDLU FRQFHQWUDWLRQV
:5)67,/7 GRHV QRW H[SOLFLWO\ PRGHO DWPRVSKHULF R[LGDWLRQ SURFHVVHV :H ÀW WKH ERXQGDU\
FRQGLWLRQ WR ORFDO RU UHJLRQDO IUHH WURSRVSKHUH YDOXHV HOLPLQDWLQJ WKH QHHG WR FRQVLGHU ORQJHU
UDQJH R[LGDWLRQ FKHPLVWU\ )XUWKHUPRUH WKH IRRWSULQW + LV JUHDWHVW ZLWKLQ ² GD\V RI WKH DVVR
FLDWHG PHDVXUHPHQW 0HWKDQH KDV D JOREDODYHUDJHG OLIHWLPH RI ² \HDUV 3UDWKHU HW DO 
&LDLV HW DO  LPSO\LQJ PHWKDQH GHFD\ RI OHVV WKDQ ² SSE RYHU WKHVH ² GD\ WLPH VFDOHV
$ 6WXG\ WLPH SHULRG
:H FKRRVH  ²  DV WKH WLPH IUDPH RI WKLV VWXG\ IRU WZR UHDVRQV )LUVW WKHUH DUH QR GDLO\
PHWKDQH PHDVXUHPHQWV IURP 86 WRZHU VLWHV EHIRUH PLG ZLWK WKH H[FHSWLRQ RI WKH 1LZRW
&RORUDGR VLWHV :HHNO\ WR PRQWKO\ PHWKDQH REVHUYDWLRQV DUH DYDLODEOH DW VRPH VLWHV SULRU WR
 6HFRQG WKH :5) PHWHRURORJ\ ÀHOGV XVHG KHUH DUH RQO\ DYDLODEOH WKURXJK  7KHVH
ÀHOGV DUH YDOLGDWHG E\ 1HKUNRUQ HW DO  1HKUNRUQ HW DO  DQG XVHG LQ D QXPEHU RI H[
LVWLQJ VWXGLHV .RUW HW DO  +XQW]LQJHU HW DO  *RXUGML HW DO  0LOOHU HW DO E
EXW WKH\ KDYH D OLPLWHG WLPH VFRSH
$ 2EVHUYDWLRQV
:H XVH GLYHUVH PHWKDQH PHDVXUHPHQWV WDNHQ DW WDOO WRZHUV RU E\ DLUFUDIW GXULQJ  0HD
VXUHPHQWV LQFOXGH GDLO\ ÁDVN VDPSOHV IURP WKH 12$$ WDOO WRZHU QHWZRUN ZHHNO\ DW $UJ\OH DQG
3RQFD &LW\ $UJ\OH 0DLQH $07  ◦1  ◦: P DERYH JURXQG OHYHO DJO (ULH &RORUDGR
%$2  ◦1 ◦: P DJO 3DUN )DOOV :LVFRQVLQ /() ◦1 ◦: P DJO 0DUWKD·V

9LQH\DUG 0DVVDFKXVHWWV 09< ◦1 ◦: P DJO 1LZRW 5LGJH DQG 1LZRW )RUHVW &RORUDGR
1:) 1:5 ◦1 ◦: P DJO 3RQFD &LW\ 2NODKRPD 6*3 ◦1 ◦: P DJO
:HVW %UDQFK ,RZD :%, ◦1 ◦: P DJO :DOQXW *URYH &DOLIRUQLD :*& ◦1 ◦:
P DJO DQG 0RRG\ 7H[DV :.7 ◦1 ◦:  P DJO VHH PDLQ DUWLFOH )LJ  7KH LQ
YHUVH PRGHO LQFRUSRUDWHV VXUIDFH GDWD DQG DLUFUDIW PHDVXUHPHQWV XS WR P DJO REVHUYDWLRQV
DW KLJKHU DOWLWXGHV DUH OHVV VHQVLWLYH WR VXUIDFH HPLVVLRQV DQG DUH UHVHUYHG IRU PRGHO YDOLGDWLRQ
DQG DGMXVWPHQW RI WKH ERXQGDU\ FRQGLWLRQ 7KH ÁDVN DQG DLUFUDIW GDWD DUH VDPSOHG RQO\ GXULQJ
WKH GD\WLPH KRXUV VR WKLV VWXG\ LV QRW DIIHFWHG E\ WKH ODUJH XQFHUWDLQWLHV DVVRFLDWHG ZLWK PRGHO
LQJ WKH QRFWXUQDO ERXQGDU\ OD\HU 0DWURVV HW DO  *RXUGML HW DO 
$ 6WDWLVWLFDO PHWKRGV
:H XWLOL]H D JHRVWDWLVWLFDO LQYHUVH PRGHOLQJ *,0 IUDPHZRUN WR HVWLPDWH PRQWKO\ PHWKDQH
HPLVVLRQV V IRU  DQG  RQ D ◦ [ ◦ ODWLWXGHORQJLWXGH JULG .LWDQLGLV 	 9RPYRULV 
6QRGJUDVV 	 .LWDQLGLV  0LFKDODN HW DO 
V = ;շ+N (,4) $
7KH *,0 XVHV D GHWHUPLQLVWLF PRGHO ;շ IRU WKH SULRU HVWLPDWH RI HPLVVLRQV VLPLODU WR D PXOWL
SOH UHJUHVVLRQ (DFK FROXPQ RI ; LV D GLIIHUHQW VSDWLDO GDWDVHW LQFOXGLQJ D FROXPQ IRU D FRQVWDQW
FRPSRQHQW DQG շ LV WKH YHFWRU RI DVVRFLDWHG XQNQRZQ FRHIÀFLHQWV 7KLV GLIIHUV IURP D %D\HVLDQ
V\QWKHVLV LQYHUVLRQ ZKLFK W\SLFDOO\ XVHV D SULRU ZLWK D VWDWLF NQRZQ PDJQLWXGH 5RGJHUV 
7DUDQWROD 
7KH *,0 DOVR KDV D VWRFKDVWLF FRPSRQHQW GHVFULEHG E\ D PXOWLYDULDWH QRUPDO GLVWULEXWLRQ N
ZLWK D PHDQ RI ]HUR DQG FRYDULDQFH PDWUL[ 4 7KLV FRPSRQHQW GHVFULEHV DOO HPLVVLRQV WKDW GR
QRW ÀW WKH VSDWLDO SDWWHUQ RI WKH GHWHUPLQLVWLF PRGHO 8QOLNH PRVW %D\HVLDQ V\QWKHVLV LQYHUVLRQV

WKH *,0 DFFRXQWV IRU VSDWLDO DQGRU WHPSRUDO FRUUHODWLRQ LH FRYDULDQFH LQ WKH VWRFKDVWLF FRP
SRQHQW E\ LQFOXGLQJ RIIGLDJRQDO WHUPV LQ 4
7KH *,0 IUDPHZRUN DOORZV WKH DWPRVSKHULF REVHUYDWLRQV WR GHWHUPLQH WKH VSDWLDO SDWWHUQV RI
ERWK WKH GHWHUPLQLVWLF DQG VWRFKDVWLF FRPSRQHQWV $OVR WKH IRUPXODWLRQ HQVXUHV WKDW WKH SULRU
KDV QR RYHUDOO ELDV DQ LPSRUWDQW VWDWLVWLFDO DVVXPSWLRQ RI PRVW LQYHUVLRQ IUDPHZRUNV $ QXP
EHU RI H[LVWLQJ VWXGLHV KDYH XVHG WKLV DSSURDFK VXFFHVVIXOO\ IRU WUDFH JDV VXUIDFH ÁX[ HVWLPDWLRQ
0LFKDODN HW DO  0XHOOHU HW DO  *RXUGML HW DO   0LOOHU HW DO E
7KH EHVW HVWLPDWH RI HPLVVLRQV V LV W\SLFDOO\ WKH PLQLPXP RI WKH JHRVWDWLVWLFDO FRVW IXQFWLRQ
0LFKDODN HW DO 
/V,շ,ս =  OQ |4| +  OQ |5|+ (]−+V)75−(]−+V)
+ (V− ;շ)74−(V− ;շ) $
7KLV FRVW IXQFWLRQ EDVHG RQ *DXVVLDQ VWDWLVWLFV FDQQRW SUHFOXGH ODUJH QHJDWLYH HPLVVLRQV DQG
ZH XVH /DJUDQJH PXOWLSOLHUV WR HQIRUFH QRQQHJDWLYLW\ *LOO HW DO  0LOOHU HW DO D /DUJH
QHJDWLYH HPLVVLRQV ZRXOG EH XQUHDOLVWLF IRU PHWKDQH JLYHQ WKDW WKH VRLO VLQN LV RQO\ ∼ RI JOREDO
PHWKDQH ORVV 'XWDXU 	 9HUFKRW  $Q\ VRLO VLQN RYHU WKH 86 ZRXOG EH IDU VPDOOHU WKDQ WKH
SRVWHULRU XQFHUWDLQWLHV DQG WKHUHIRUH QRW GHWHFWDEOH E\ WKH LQYHUVLRQ IUDPHZRUN ZLWK DQ\ GHJUHH
RI FHUWDLQW\ /DJUDQJH PXOWLSOLHUV WKH PHWKRG XVHG WR HQIRUFH QRQQHJDWLYLW\ LV LWHUDWLYH DQG
SURGXFHV D UREXVW HVWLPDWH RI WKH SRVWHULRU HPLVVLRQV VXEMHFW WR SK\VLFDO ERXQGV +RZHYHU WKH
UHVXOWLQJ SRVWHULRU XQFHUWDLQWLHV DUH JHQHUDOO\ WRR ODUJH DQG VKRXOG EH LQWHUSUHWHG ZLWK FDXWLRQ
$ UHFHQW SDSHU GLVFXVVHV WKLV PHWKRG LQ GHWDLO DQG WKH LPSDFW RQ WKH ÀQDO HPLVVLRQV HVWLPDWH
0LOOHU HW DO D

$ &RYDULDQFH PDWUL[ HVWLPDWLRQ
5HVWULFWHG PD[LPXP OLNHOLKRRG 5(0/ SURYLGHV DQ REMHFWLYH ZD\ WR HVWLPDWH WKH VWUXFWXUH DQG
PDJQLWXGH RI WKH HUURU FRYDULDQFH PDWULFHV LQ WKH LQYHUVLRQ 5 DQG 4 LW JXDUDQWHHV WKDW WKH
DFWXDO LQYHUVLRQ UHVLGXDOV PDWFK DJDLQVW WKRVH SUHGLFWHG LQ WKH FRYDULDQFH PDWULFHV .LWDQLGLV
 0LFKDODN HW DO 
5(0/ HVWLPDWHV WKH SDUDPHWHUV ս WKDW GHÀQH 5 DQG 4 E\ PLQLPL]LQJ D PRGLÀHG IRUP RI WKH
FRVW IXQFWLRQ LQ (T $ ,Q SUDFWLFH LW PD\ EH GLIÀFXOW WR HVWLPDWH WKH FRYDULDQFH PDWUL[ SDUDP
HWHUV ս XVLQJ (T $ GLUHFWO\ EHFDXVH WKLV IXQFWLRQ DOVR GHSHQGV RQ WKH XQNQRZQ YDOXHV RI WKH
ÁX[HV V DQG WKH GULIW FRHIÀFLHQWV շ 7KH UHVWULFWHG OLNHOLKRRG LQWHJUDWHV RYHU DOO SRVVLEOH YDO
XHV RI V DQG շ LQ (T $ 7KH LQWHJUDWLRQ HIIHFWLYHO\ UHPRYHV V DQG շ IURP WKH FRVW IXQFWLRQ DQG
WKH IXQFWLRQ LV VXEVHTXHQWO\ UHIRUPXODWHG RQO\ LQ WHUPV RI WKH FRYDULDQFH PDWULFHV DQG VHYHUDO
NQRZQ SLHFHV RI LQIRUPDWLRQ VHH .LWDQLGLV  IRU D IXOO GHULYDWLRQ
/ս =
∫
շ
∫
V
/V,շ,ս GV Gշ
=  OQ |ԇ|+  OQ |;7+7ԇ−+;|+ ]Ӿ] $
ԇ = +4+7 + 5 $
Ӿ = ԇ− −ԇ−+;(;7+7ԇ−+;);7+7ԇ− $
7KH RSWLPDO FRYDULDQFH PDWUL[ SDUDPHWHUV DUH WKRVH WKDW PLQLPL]H WKH DERYH HTXDWLRQ W\S
LFDOO\ HVWLPDWHG ZLWK DQ LWHUDWLYH *DXVV1HZWRQ DOJRULWKP .LWDQLGLV E RULJLQDOO\ GHYHO
RSHG 5(0/ IRU JHRVWDWLVWLFV PDQ\ VXEVHTXHQW VWXGLHV IURP JHRVWDWLVWLFV DQG RWKHU ÀHOGV LQGL
FDWH WKDW 5(0/ LV RQH RI WKH PRVW DFFXUDWH DQG XQELDVHG PHWKRGV IRU HVWLPDWLQJ HUURUV DQGRU
WKH VWUXFWXUDO SDUDPHWHUV RI D VWDWLVWLFDO PRGHO 5RELQVRQ  .LWDQLGLV  0F*LOFKULVW

 :LOVRQ  &KHDQJ 	 5HLQVHO  /DUN 	 &XOOLV  /DUN HW DO  $PRQJ
RWKHU DGYDQWDJHV LW HQVXUHV WKDW WKH ZHLJKWHG VXP RI VTXDUHV UHVLGXDOV IURP WKH LQYHUVLRQ ZLOO
IROORZ WKH H[SHFWHG ֊ GLVWULEXWLRQ .LWDQLGLV E
,Q WKLV VWXG\ ZH FRQVWUXFW WKH FRYDULDQFH PDWUL[ 5 DV D GLDJRQDO PDWUL[ 7R HVWLPDWH WKH GLDJ
RQDO HOHPHQWV RI 5 ֆ5 WKH PRGHOGDWD PLVPDWFK YDULDQFH ZH ÀUVW FDOFXODWH WKH YDULDQFH RI WKH
PRGHO²PHDVXUHPHQW UHVLGXDOV IRU HDFK PHDVXUHPHQW VLWH ZKHQ WKH 67,/7 PRGHO LV UXQ ZLWK WKH
('*$5 Y  )7 DQWKURSRJHQLF HPLVVLRQV LQYHQWRU\ 7ZR WRSGRZQ VWXGLHV ÀQG WKDW WKLV
LQYHQWRU\ KDV WKH FRUUHFW RYHUDOO PDJQLWXGH RYHU WKH 86 .RUW HW DO   DQG WKXV ZH XVH
WKLV YHUVLRQ RI ('*$5 RYHU RWKHUV DV D VWDUWLQJ SRLQW LQ HUURU HVWLPDWLRQ :H WKHQ XVH 5(0/ WR
HVWLPDWH D VLQJOH VFDOLQJ IDFWRU WR DOLJQ WKH LQLWLDO HVWLPDWH ZLWK WKH YDULDQFHV VXJJHVWHG E\ WKH
DWPRVSKHULF GDWD
7KH HVWLPDWLRQ RI 4 IROORZV VOLJKWO\ GLIIHUHQW IRUP 7KH VHWXS KHUH HVWLPDWHV D FRQVWDQW YDOXH
IRU WKH D SULRUL YDULDQFH WKH GLDJRQDO HOHPHQWV ,Q RWKHU ZRUGV ZH DVVXPH WKHUH LV OLWWOH VSDWLDO
RU WHPSRUDO YDULDELOLW\ LQ WKH YDULDQFH LQ WKH WKH VWRFKDVWLF FRPSRQHQW RI WKH HPLVVLRQV HVWLPDWH
DQ DVVXPSWLRQ WKDW PDNHV VHQVH JLYHQ ODUJH HPLVVLRQV LQ GLVSDUDWH UHJLRQV RI WKH 86 DQG DS
SDUHQW DEVHQFH RI ODUJH VHDVRQDOLW\ LQ DQWKURSRJHQLF VRXUFHV 2WKHU SDUDPHWHUV RI 4 WR HVWLPDWH
LQFOXGH O WKH GHFRUUHODWLRQ OHQJWK SDUDPHWHU DQG W WKH GHFRUUHODWLRQ WLPH SDUDPHWHU ZKHUH O
DQG W DUH WKH WRWDO DSSUR[LPDWH GHFRUUHODWLRQ OHQJWK DQG WLPH UHVSHFWLYHO\ 5(0/ ZRXOG QRW
FRQYHUJH RQ D GHFRUUHODWLRQ OHQJWK IRU WKH RIIGLDJRQDO HOHPHQWV RI 4 7KLV PD\ EH GXH WR JHR
JUDSKLF KHWHURJHQHLW\ LQ WKH FRUUHODWLRQ OHQJWKV RI WKH VWRFKDVWLF FRPSRQHQW :H VHW D GHFRUUH
ODWLRQ OHQJWK SDUDPHWHU O DW NP D FRPSURPLVH EHWZHHQ HPLVVLRQV XQFHUWDLQWLHV WKDW PLJKW
EH FRUUHODWHG RYHU WKH GLVWDQFH RI D ODUJH XUEDQ DUHD DQG XQFHUWDLQWLHV LQ DJULFXOWXUDO HPLVVLRQV
WKDW PD\ EH FRUUHODWHG RYHU D ODUJHU UHJLRQDO VFDOH 7HVW LQYHUVLRQV ZLWK O =   DQG  NP
SURYLGH D PHDVXUH RI WKH VHQVLWLYLW\ RI WKH HVWLPDWHG ÁX[HV WR WKH FKRLFH RI WKH GHFRUUHODWLRQ SD
UDPHWHU 8OWLPDWHO\ WKH FKRLFH RI O KDV OLWWOH LPSDFW RQ WKH WRWDO 86 DQWKURSRJHQLF EXGJHW OHVV

Gas/
petroleum
Landfills Coal Wastewater
EDGAR v3.2
FT2000
EDGAR v4.1
EDGAR v4.2
EPA v2008
EPA v2012
EPA v2013
Livestock/
manure
Tg
 C
 y
r-1
0 
   
   
  2
   
   
   
4 
   
   
  6
   
   
   
8
)LJXUH $ 86 PHWKDQH HPLVVLRQV E\ VHFWRU IURP VHYHUDO H[LVWLQJ LQYHQWRULHV $OO PHWKDQH EXGJHWV DUH
IURP WKH \HDU  H[FHSW ('*$5 Y )7 ZKLFK HVWLPDWHV HPLVVLRQV IURP 
WKDQ  7J&\U
8VLQJ 5(0/ ZH HVWLPDWH D YDULDQFH LQ WKH VWRFKDVWLF FRPSRQHQW RI .±. ܟPRO P−V−
LH WKH VTXDUH URRW RI WKH GLDJRQDO HOHPHQWV RI 4 7KH GHFRUUHODWLRQ WLPH DQG OHQJWK SDUDPH
WHUV LQ WKH H[SRQHQWLDO FRYDULDQFH IXQFWLRQ DUH HVWLPDWHG DW W =  ±  GD\V DQG O =  NP
UHVSHFWLYHO\
$ 7KH GHWHUPLQLVWLF PRGHO
7KH *,0 VHWXS KHUH DGRSWV VSDWLDO DFWLYLW\ GDWDVHWV IURP WKH ('*$5 LQYHQWRU\ DV SUHGLFWRUV
; IRU WKH GLVWULEXWLRQ RI PHWKDQH HPLVVLRQV VHH 7DEOH  LQ WKH PDLQ DUWLFOH DQG WKH ('*$5
ZHE VLWH >KWWSHGJDUMUFHFHXURSDHX@ DQG XVHV DWPRVSKHULF GDWD WR HVWLPDWH WKH DVVRFLDWHG
HPLVVLRQ IDFWRUV շ 7KH HPLVVLRQV IDFWRUV LQ H[LVWLQJ LQYHQWRULHV FDQ EH KLJKO\ XQFHUWDLQ DQG
KDYH UHFHQWO\ FKDQJHG E\ XS WR  LQ ('*$5 IRU VHFWRUV VXFK DV FRDO DQG QDWXUDO JDV (XUR
SHDQ &RPPLVVLRQ -RLQW 5HVHDUFK &HQWUH -5&1HWKHUODQGV (QYLURQPHQWDO $VVHVVPHQW $JHQF\
3%/  )LJ $

:H XVH D PRGHO VHOHFWLRQ PHWKRG WR DVVHPEOH DQ RSWLPDO VHW RI VSDWLDO DFWLYLW\ GDWDVHWV IRU
WKH LQYHUVLRQ 7KHVH PHWKRGV ZLOO VHOHFW DV PDQ\ SUHGLFWRUV IRU XVH LQ ; WKDW FDQ H[SODLQ YDUL
DELOLW\ LQ WKH GDWD EXW ZLOO SUHYHQW DQ RYHUÀW RU XQUHOLDEOH FRHIÀFLHQW HVWLPDWHV =XFFKLQL 
.RQLVKL 	 .LWDJDZD  :H LPSOHPHQW RQH RI WKH PRVW FRPPRQ PHWKRGV WKH %D\HVLDQ LQ
IRUPDWLRQ FULWHULRQ %,& 6FKZDU]  0XHOOHU HW DO  *RXUGML HW DO  7KH %,& QX
PHULFDOO\ VFRUHV DOO SRVVLEOH FRPELQDWLRQV RI DFWLYLW\ GDWDVHWV EDVHG RQ KRZ ZHOO WKH\ LPSURYH
JRRGQHVV RI ÀW LH WKH ORJOLNHOLKRRG RI WKH PRGHO VLPLODU WR WKH ZHLJKWHG VXP RI VTXDUHV
DQG DSSOLHV DQ LQFUHDVLQJ SHQDOW\ IRU PRGHO FRPSOH[LW\ )RU HDFK DGGLWLRQDO DFWLYLW\ GDWDVHW
WKH SHQDOW\ LQFUHDVHV ZLWK WKH QDWXUDO ORJ RI QXPEHU RI REVHUYDWLRQV 7KH EHVW FDQGLGDWH PRGHO
; LV WKH RQH ZLWK WKH ORZHVW %,& VFRUH *RXUGML HW DO 
շˆ = (;7+7ԇ−+;)−;7+7ԇ−] $
%,& = OQ|ԇ|+ (]−+;շˆ)7ԇ−(]−+;շˆ) + S OQ(Q) $
ZKHUH S LV WKH QXPEHU RI SUHGLFWRUV QXPEHU RI FROXPQV LQ ; DQG Q LV WKH QXPEHU RI PHWKDQH
PHDVXUHPHQWV
7KH GULIW FRHIÀFLHQWV շ LQ WKH PRGHO RI WKH PHDQ PXVW EH SRVLWLYH VLQFH D VSDWLDO GDWDVHW
VKRXOG QHYHU FRQWULEXWH QHJDWLYHO\ WR WKH SRVWHULRU PHWKDQH HPLVVLRQV +HQFH ZH HOLPLQDWH DOO
FDQGLGDWH PRGHOV IURP FRQVLGHUDWLRQ WKDW \LHOG QHJDWLYH FRHIÀFLHQWV
7KH %,& GRHV QRW VXSSRUW K\SRWKHVLV WHVWLQJ ZLWK SYDOXHV EXW WKH GLIIHUHQFH LQ %,& VFRUHV
SURYLGHV D PHWULF RI FRQÀGHQFH .DVV 	 5DIWHU\  $ VFRUH GLIIHUHQFH JUHDWHU WKDQ  LQGLFDWHV
QRWDEOH HYLGHQFH DJDLQVW WKH KLJKHU VFRULQJ PRGHO DQG D VFRUH LQFUHPHQW JUHDWHU WKDQ  LQGL
FDWHV ´YHU\ VWURQJµ HYLGHQFH DJDLQVW WKDW PRGHO
2QO\ WZR VSDWLDO GDWDVHWV IURP ('*$5 DUH LGHQWLÀHG E\ WKH %,& DV LPSRUWDQW SUHGLFWRUV RI
PHWKDQH REVHUYDWLRQV RYHU WKH 86

25
55
a) ruminants b) population density
Contribution of spatial activity datasets to the estimated emissions
μmol m-2 s-1
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)LJXUH $ 7KH FRQWULEXWLRQ RI GLIIHUHQW DFWLYLW\ GDWDVHWV WR WKH RYHUDOO HPLVVLRQV HVWLPDWH 7KH VXP
RI WKH FRQVWDQW DQG VWRFKDVWLF FRPSRQHQWV F LQFOXGHV DOO VRXUFHV QRW GHVFULEHG E\ WKH VSDWLDO DFWLYLW\
GDWDVHWV WKH VXP RI D DQG E 7KH FRQWULEXWLRQ RI WKH DFWLYLW\ GDWDVHWV DE LV FRQVWDQW WKURXJKRXW WKH WZR
\HDUV DQG WKH VWRFKDVWLF FRPSRQHQW F FKDQJHV E\ PRQWK DYHUDJHG LQ WKH SORW KHUH
շ  շ>SRSXODWLRQ GHQVLW\@  շ>UXPLQDQW GHQVLW\@
ZKHUH շ շ DQG շ DUH WKH FRHIÀFLHQWV RI WKH VSDWLDO DFWLYLW\ GDWD 7KH ÀUVW WHUP շ UHSUH
VHQWV WKH PHDQ RI DOO VRXUFHV ZLWK VSDWLDO SDWWHUQV RWKHU WKDQ SRSXODWLRQ RU UXPLQDQW GHQVLW\
7DEOH  SURYLGHV H[DPSOH %,& VFRUHV IRU WKLV DQG RWKHU FDQGLGDWH PRGHOV LQFOXGLQJ ZKDW DUH
FRPPRQO\ FRQVLGHUHG WKH ODUJHVW PHWKDQH VRXUFH VHFWRUV 7KH %,& VFRUHV VWURQJO\ VXJJHVW WKDW
WKHUH LV HLWKHU LQVXIÀFLHQW GDWD WR LQFOXGH PRUH WKDQ WZR DFWLYLW\ GDWDVHWV RU WKDW VHYHUDO H[LVWLQJ
DFWLYLW\ GDWDVHWV GR QRW DGHTXDWHO\ GHVFULEH WKH PHWKDQH REVHUYDWLRQV ,Q SDUWLFXODU WKH WDEOH
LQGLFDWHV WKDW WKH REVHUYDWLRQ QHWZRUN LV QRW VXIÀFLHQWO\ VHQVLWLYH WR FRDO VRXUFHV DQG WKDW WKH RLO
DQG JDV SURGXFWLRQ DFWLYLW\ GDWDVHW IURP ('*$5 GR QRW DFFXUDWHO\ UHSUHVHQW WKH VSDWLDO GLVWUL
EXWLRQ RI WKH PHWKDQH HPLVVLRQV FRQVLVWHQW ZLWK REVHUYDWLRQV
)LJ $ GLVSOD\V WKH PHWKDQH EXGJHW IURP HDFK RI WKH VSDWLDO GDWDVHWV LQ WKH GHWHUPLQLVWLF
PRGHO HJ VFDOHG E\ WKH HVWLPDWHG FRHIÀFLHQWV շˆ ,W LV LPSRUWDQW WR QRWH WKDW SRSXODWLRQ GHQVLW\
VHUYHV DV D SUR[\ IRU D QXPEHU RI VRXUFH VHFWRUV WKDW DUH FRORFDWHG ZLWK SRSXODWLRQ HJ QDWXUDO
JDV GLVWULEXWLRQ ODQGÀOOV DQG ZDVWHZDWHU WUHDWPHQW DW WKH R VSDWLDO VFDOH $GGLWLRQDOO\ IXHO

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)LJXUH $ $ YLVXDOL]DWLRQ RI WKH HVWLPDWHG PRGHOGDWD PLVPDWFK DFURVV GLIIHUHQW PHWKDQH PHDVXUHPHQW
VLWHV FRPSDUHG DJDLQVW WKH WZR\HDU DYHUDJHG FRQWULEXWLRQ IURP DQWKURSRJHQLF HPLVVLRQV DW HDFK VLWH ]
WKH FRQFHQWUDWLRQ PHDVXUHPHQWV PLQXV WKH ERXQGDU\ FRQGLWLRQ DQG PRGHOHG ZHWODQG FRQWULEXWLRQ
H[WUDFWLRQ DQG DQLPDO KXVEDQGU\ DUH FRORFDWHG RYHU 7H[DV DQG 2NODKRPD VR VRPH HPLVVLRQV
DVVLJQHG WR UXPLQDQW GHQVLW\ )LJ $D PD\ LQVWHDG SDUWLDOO\ UHÁHFW IRVVLO IXHO LQGXVWU\ VRXUFHV
$ 8QFHUWDLQW\ DQDO\VLV
$ *HQHUDO XQFHUWDLQWLHV LQ WKH PRGHO DQG PHDVXUHPHQWV
)LJXUH $ SURYLGHV D YLVXDOL]DWLRQ RI WKH PRGHOGDWD PLVPDWFK HUURUV HVWLPDWHG E\ 5(0/ ֆ5
WKH VWDQGDUG GHYLDWLRQ RI ε 7KLV PLVPDWFK LQFOXGHV UDQGRP PRGHO DQG PHDVXUHPHQW HUURUV
XQUHODWHG WR WKH HPLVVLRQV HUURUV LQ WKH ZLQG ÀHOGV ERXQGDU\ OD\HU KHLJKW PHWKDQH ERXQGDU\
FRQGLWLRQ DQG VSDWLDOWHPSRUDO DJJUHJDWLRQ DPRQJ RWKHU HUURU VRXUFHV 0RGHOGDWD PLVPDWFK

W\SLFDOO\ UDQJHV IURP ² RI WKH WRWDO PHWKDQH HPLVVLRQV VLJQDO VHHQ DW HDFK WRZHU EXW WKH
UHODWLYH PLVPDWFK LV KLJKHU DW ´FOHDQ DLUµ VLWHV OLNH 1LZRW 5LGJH &RORUDGR 1:)1:5 $E
VROXWH XQFHUWDLQWLHV DUH ODUJHVW DW PHDVXUHPHQW VLWHV FORVH WR PRXQWDLQ UDQJHV HJ %$2 DQG
:*& 7KLV OLNHO\ UHÁHFWV GLIÀFXOWLHV LQ PRGHOLQJ ZLQG ÀHOGV QHDU FRPSOH[ WRSRJUDSK\ 2YHU
7H[DV DQG 2NODKRPD ZKHUH WKH HVWLPDWHG DQWKURSRJHQLF PHWKDQH HPLVVLRQV DUH DPRQJ WKH
ODUJHVW LQ WKH 86 WKH PRGHOGDWD PLVPDWFK LV MXVW XQGHU KDOI WKH PDJQLWXGH RI WKH WRWDO DYHUDJH
PHWKDQH VLJQDO
$ 8QFHUWDLQWLHV LQ WKH HPLVVLRQV HVWLPDWH
7KH SRVWHULRU FRYDULDQFH PDWULFHV GHQRWHG 9 SURYLGH D PHDVXUH RI XQFHUWDLQW\ LQ WKH HVWLPDWHG
HPLVVLRQV ˆV DQG HVWLPDWHG FRHIÀFLHQWV շˆ 0LFKDODN HW DO 
⎡⎢⎣9Vˆ 9Vˆշˆ
9շˆVˆ 9շˆ
⎤⎥⎦ =
⎡⎢⎣4− ++75−+ 4−;
;74− ;74−;
⎤⎥⎦
−
$
(T $ LV WKH LQYHUVH RI WKH +HVVLDQ RI WKH FRVW IXQFWLRQ (T $ 7KH SRVWHULRU FRYDULDQFH PD
WUL[ RI Vˆ VXPPHG DFURVV GLIIHUHQW PRQWKV DQG ORFDWLRQV SURGXFHV WKH FRQÀGHQFH LQWHUYDOV RQ WKH
PHWKDQH EXGJHWV OLVWHG WKURXJKRXW WKH SDSHU $OO XQFHUWDLQWLHV OLVWHG DUH  FRQÀGHQFH LQWHU
YDOV XQOHVV RWKHUZLVH QRWHG
7KH XQFHUWDLQWLHV LQ WKH HPLVVLRQV HVWLPDWH YDU\ GHSHQGLQJ RQ WKH WHPSRUDO RU VSDWLDO VFDOHV
RI LQWHUHVW )RU H[DPSOH WKH XQFHUWDLQWLHV FDQ EH ODUJHU WKDQ WKH HVWLPDWHG HPLVVLRQV DW WKH ◦
ODWLWXGH²ORQJLWXGH VSDWLDO VFDOH DQG PRQWKO\ WHPSRUDO VFDOH +RZHYHU XQFHUWDLQWLHV GHFUHDVH DV
WKH HPLVVLRQV HVWLPDWH LV DYHUDJHG RYHU ODUJHU UHJLRQV DQG ORQJHU WLPHV )LJ $ ,QWXLWLYHO\
WKH XQFHUWDLQWLHV DUH KLJKHU DW ÀQHU VSDWLDOWHPSRUDO VFDOHV EHFDXVH WKH DWPRVSKHULF PHWKDQH
GDWD KDYH OLPLWHG FDSDFLW\ WR GHWHUPLQH WKH SUHFLVH ORFDWLRQ RU WLPH RI JULGVFDOH HPLVVLRQV 7KH
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)LJXUH $ 7KH PHWKDQH HPLVVLRQV HVWLPDWH LQ WKLV VWXG\ KDV D ◦ ODW²ORQ VSDWLDO UHVROXWLRQ DQG PRQWKO\
WHPSRUDO UHVROXWLRQ 7KH XQFHUWDLQW\ LQ WKH HPLVVLRQV HVWLPDWH GHFOLQHV DV WKH HVWLPDWH LV DYHUDJHG WR
JUHDWHU VSDWLDO DQG WHPSRUDO VFDOHV 3DQHO D VKRZV KRZ XQFHUWDLQWLHV RYHU WKH VRXWKFHQWUDO 86 GHFUHDVH
DV WKH JULGVFDOH HVWLPDWH LV DJJUHJDWHG LQ WLPH 3DQHO E GLVSOD\V KRZ WKH XQFHUWDLQWLHV GHFUHDVH DV WKH
DQQXDODYHUDJH HVWLPDWH LV DYHUDJHG VSDWLDOO\ 8QFHUWDLQWLHV OLVWHG DUH VWDQGDUG GHYLDWLRQV
PHWKDQH GDWD KRZHYHU FDQ LQGLFDWH UHJLRQDO RU QDWLRQDO DYHUDJH HPLVVLRQV ZLWK JUHDWHU FRQÀ
GHQFH 0DWKHPDWLFDOO\ WKH XQFHUWDLQWLHV SHU XQLW DUHD GHFUHDVH DW DJJUHJDWHG VSDWLDOWHPSRUDO
VFDOHV EHFDXVH WKH FRYDULDQFHV LQ WKH SRVWHULRU FRYDULDQFH PDWUL[ DUH RIWHQ QHJDWLYH +HQFH DW
DJJUHJDWHG VFDOHV WKH PHDQ RI WKH YDULDQFHVFRYDULDQFHV LV XVXDOO\ VPDOOHU
7KH FRYDULDQFH PDWUL[ 9Vˆ HQFRPSDVVHV PRVW EXW QRW DOO XQFHUWDLQWLHV LQ WKH HPLVVLRQV HVWL
PDWH ,W DFFRXQWV IRU XQFHUWDLQWLHV LQ WKH GULIW FRHIÀFLHQWV շˆ DQG LQ WKH VWRFKDVWLF FRPSRQHQW RI
WKH HPLVVLRQV DQG LW DFFRXQWV IRU XQFHUWDLQW\ GXH WR UDQGRPO\GLVWULEXWHG PRGHOGDWD PLVPDWFK
HUURUV ε = N (,5) VHH (T $ +RZHYHU H[LVWLQJ VWDWLVWLFDO LQYHUVLRQV FDQQRW H[SOLFLWO\ DF
FRXQW IRU PRGHOGDWD PLVPDWFK HUURUV WKDW SURGXFH RYHUDOO ELDV LH LI ε KDV D QRQ]HUR PHDQ
3RWHQWLDO ELDVW\SH HUURUV LQ :5)67,/7 DUH GLVFXVVHG VHSDUDWHO\ WKURXJKRXW WKH UHPDLQGHU RI
WKH VXSSOHPHQW

0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
3.
0
3.
5 US budget TX/OK/KSbudget
Tg
C 
m
on
th
-
1
W
inter
Spring
Summer
Fall
W
inter
Spring
Summer
Fall
)LJXUH $ 0RQWKO\ DQWKURSRJHQLF PHWKDQH EXGJHWV E\ VHDVRQ DQG DVVRFLDWHG  FRQÀGHQFH LQWHU
YDOV 7KH ODFN RI VWURQJ VHDVRQDOLW\ LPSOLHV PLQLPDO PRGHOLQJ HUURUV GXH WR ZHWODQG HPLVVLRQV VHDVRQDO
ERXQGDU\ FRQGLWLRQ ELDVHV RU VHDVRQDO ZLQG ÀHOG ELDVHV
$ :HWODQG VRXUFHV
:H PRGHO WKH ZHWODQG FRQWULEXWLRQ XVLQJ WKH .DSODQ ZHWODQG LQYHQWRU\ .DSODQ  3LFNHWW
+HDSV HW DO  VFDOHG LQ PDJQLWXGH WR PDWFK WKH REVHUYDWLRQV DV LQ 3LFNHWW+HDSV HW DO
 0LOOHU HW DO F 7KLV VLJQDO DERXW  SSE LQ ODWH VXPPHU  7J & 7J& \U− IRU WKH
FRQWLQHQWDO 86 LV WKHQ UHPRYHG IURP ] WR VXEWUDFW WKH LQÁXHQFH RI ZHWODQG VRXUFHV IURP WKH
GDWD :HWODQGV PDNH RQO\ VPDOO FRQWULEXWLRQV WR WKH VLJQDOV DW PRVW RI WKH REVHUYDWLRQ VLWHV LQ
WKH 86 DQG WKXV FDQQRW EH UHOLDEO\ FRQVWUDLQHG LQ WKH LQYHUVLRQ $IWHU WKLV VXEWUDFWLRQ WKH LQYHU
VLRQ SURGXFHV RSWLPL]HG DQWKURSRJHQLF EXGJHWV ZLWK OLWWOH VHDVRQDO YDULDWLRQ )LJ $ 6LQFH
ZHWODQG HPLVVLRQV DUH VWURQJO\ VHDVRQDO WKLV UHVXOW LQGLFDWHV WKDW RXU SURFHGXUH GRHV QRW SUR
GXFH ZHWODQGUHODWHG ELDVHV
:H DOVR UXQ D VHSDUDWH WHVW LQYHUVLRQ XVLQJ WKH '\QDPLF /DQG (FRV\VWHP 0RGHO '/(0 IRU

ZHWODQG VXEWUDFWLRQ LQVWHDG RI WKH .DSODQ PRGHO 7LDQ HW DO   0LOOHU HW DO F DOVR
 7J& \U− IRU WKH FRQWLQHQWDO 86 7KLV WHVW LQYHUVLRQ SURGXFHV D 86 DQWKURSRJHQLF PHWKDQH
EXGJHW RI  7J& \U− DQG D VRXWKFHQWUDO 86 EXGJHW RI  7J& \U− YHU\ VLPLODU WR WKH UH
VXOWV XVLQJ .DSODQ ZHWODQG HPLVVLRQV +HQFH ZH FRQFOXGH WKDW RXU UHVXOWV DUH LQGHSHQGHQW RI
WKH VRXUFH PRGHO XVHG WR DFFRXQW IRU ZHWODQG HPLVVLRQV
)XUWKHUPRUH ZHWODQG PRGHOV SUHGLFW RQO\ VPDOO WR PRGHVW HPLVVLRQV RYHU WKH ODUJHVW VRXUFH
UHJLRQV LQ RXU VWXG\ 7ZR UHFHQW VWXGLHV FRPSDUH ZHWODQG PHWKDQH ÁX[HV IRU D QXPEHU RI ELR
JHRFKHPLFDO PRGHOV 0HOWRQ HW DO D :DQLD HW DO  1RQH RI WKH PRGHOV SXW VLJQLÀFDQW
ZHWODQG HPLVVLRQV RYHU 7H[DV RU 2NODKRPD ERWK UHODWLYHO\ GU\ UHJLRQV ZKHUH RXU VWXG\ IRXQG
ODUJH PHWKDQH HPLVVLRQV ([LVWLQJ ODQG PDSV LQGLFDWH ZHWODQGV DORQJ WKH 0LVVLVVLSSL 5LYHU DQG
'HOWD EXW PRGHOHG ZHWODQG HPLVVLRQV LQ WKLV UHJLRQ DUH QRQHWKHOHVV ÀYH WLPHV VPDOOHU WKDQ
WKH DQWKURSRJHQLF VRXUFHV HVWLPDWHG E\ RXU VWXG\ LQ WKLV DUHD 0HOWRQ HW DO D :DQLD HW DO
 7KH FRUUHODWLRQ EHWZHHQ PHWKDQH FRQFHQWUDWLRQV DQG SURSDQH LQ WKH VRXWKFHQWUDO UHJLRQ
DGGLWLRQDOO\ UHLQIRUFH WKH DWWULEXWLRQ RI KLJK &+ IRVVLO IXHO H[WUDFWLRQ DQG SURFHVVLQJ
$ *HRORJLFDO VRXUFHV
6HYHUDO VWXGLHV UHSRUW PHWKDQH HPLVVLRQV IURP JHRORJLFDO GHJDVVLQJ LQFOXGLQJ JURXQG VHHS
DJH JHRWKHUPDO HPLVVLRQV DQG YROFDQLF HPLVVLRQV -XGG HW DO  .YHQYROGHQ 	 5RJHUV
 (WLRSH HW DO  7KLV VWXG\ GRHV QRW DFFRXQW IRU JHRORJLFDO VRXUFHV H[SOLFLWO\ EXW SUH
YLRXV VWXGLHV LQGLFDWH WKDW WKHVH ÁX[HV ZRXOG EH VPDOO FRPSDUHG WR WKH PDJQLWXGH RI 86 DQWKUR
SRJHQLF HPLVVLRQV 7KH HVWLPDWHG PDJQLWXGH RI WKLV VRXUFH UDQJHV IURP  ²  RI WRWDO JOREDO
HPLVVLRQV -XGG HW DO  .YHQYROGHQ 	 5RJHUV  (WLRSH HW DO  2QH VWXG\ HVWL
PDWHV WKDW WHUUHVWULDO JHRORJLFDO VRXUFHV LQ SDUWLFXODU FRQWULEXWH  ²  RI WKH JOREDO PHWKDQH
EXGJHW DQG PRVW HPLVVLRQV DUH DWWULEXWDEOH WR YROFDQLF DFWLYLW\ DQG PXG YROFDQRHV -XGG HW DO
 $ IHZ PXG YROFDQRV H[LVW DORQJ WKH &DOLIRUQLD FRDVWOLQH EXW WKHVH JHRORJLFDO IHDWXUHV DUH

RWKHUZLVH XQFRPPRQ RYHU WKH FRQWLQHQWDO 8QLWHG 6WDWHV 'LPLWURY  %DVHG XSRQ WKLV LQIRU
PDWLRQ ZH HVWLPDWH DW PRVW D ∼ % XQFHUWDLQW\ LQ WKH HPLVVLRQV GHULYHG KHUH GXH WR JHRORJLFDO
GHJDVVLQJ
$ 8QFHUWDLQWLHV LQ VHFWRUEDVHG HPLVVLRQV HVWLPDWHV
7KH VHFWLRQ DQDO\]HV LQ JUHDWHU GHSWK WKH XQFHUWDLQWLHV LQ VHFWRUEDVHG HPLVVLRQV HVWLPDWHV HJ
IRU UXPLQDQWV RU WKH DSSUR[LPDWH IRVVLO IXHO EXGJHW 7KHVH XQFHUWDLQWLHV OLVWHG LQ WKH PDLQ DU
WLFOH DUH FDOFXODWHG XVLQJ WKH FRYDULDQFH PDWULFHV IRU շˆ DQG Vˆ (T $ VXPPHG WR ODUJH VSDWLDO
DQG DQQXDO WHPSRUDO VFDOHV 7KH XQFHUWDLQWLHV RQ WKH VHFWRUEDVHG EXGJHW HVWLPDWHV DUH ODUJH GXH
WR XQFHUWDLQWLHV LQ շˆ 7KH FRHIÀFLHQWV GHVFULEH HPLVVLRQV ZLWK VSDWLDO SDWWHUQV VLPLODU WR WKH DF
WLYLW\ GDWD DQG FRORFDWHG VRXUFH VHFWRUV RU HUURUV LQ WKH DFWLYLW\ GDWDVHWV PDNH WKH FRHIÀFLHQW
HVWLPDWHV շˆ OHVV GHÀQLWLYH )RU H[DPSOH UXPLQDQWV DQG IRVVLO IXHO H[WUDFWLRQ KDYH VLPLODU GLV
WULEXWLRQV RYHU WKH VRXWKFHQWUDO 86 VR VRPH RI WKH HPLVVLRQV DVVLJQHG WR UXPLQDQWV LQ WKH GH
WHUPLQLVWLF PRGHO FRXOG LQVWHDG EH IURP WKH 7H[DV DQG 2NODKRPD IRVVLO IXHO H[WUDFWLRQ VHFWRU
6LPLODUO\ LI ODQGÀOO HPLVVLRQV GR QRW DOZD\V FRLQFLGH ZLWK SRSXODWLRQ WKHQ VRPH ODQGÀOO HPLV
VLRQV PD\ DSSHDU LQ WKH UXPLQDQW )LJ $D PHDQ RU VWRFKDVWLF FRPSRQHQWV )LJ $F LQVWHDG
RI WKH SRSXODWLRQ FRPSRQHQW )LJ $E +HQFH WKH DWPRVSKHULF PHWKDQH GDWD SURYLGHV VWURQJ
FRQVWUDLQWV RQ WRWDO HPLVVLRQV DW WKH UHJLRQDO RU QDWLRQDO VFDOH EXW HVWLPDWHV E\ VRXUFH VHFWRU RI
WHQ KDYH ODUJHU FRQÀGHQFH LQWHUYDOV
:H UXQ D WHVW LQYHUVLRQ WR LQYHVWLJDWH WKH SRVVLEOH HIIHFWV RI VSDWLDO FRUUHODWLRQ EHWZHHQ UXPL
QDQWV DQG RWKHU VRXUFH VHFWRUV ,Q WKLV WHVW LQYHUVLRQ ZH HVWLPDWH GLIIHUHQW HPLVVLRQV IDFWRUV շˆ
IRU UXPLQDQWV RYHU IRXU GLIIHUHQW UHJLRQV RI WKH 8QLWHG 6WDWHV WKH ZHVWHUQ &$ 25 :$ 19
,' 07 $= 87 :< 10 &2 WKH PLGZHVW 1( 6' 1' 01 ,$ 02 :, ,/ 0, ,1 WKH
VRXWKFHQWUDO 7; 2. .6 /$ $. DQG WKH HDVWHUQ 8QLWHG 6WDWHV 06 71 .< $/ )/ *$
1& 6& 9$ :9 2+ 3$ 1< 0' 1- &7 97 1< 1+ 0$ 5, 0( $Q\ GLIIHUHQFHV LQ HPLV

VLRQV IDFWRUV E\ UHJLRQ UHSUHVHQW RQH RI WKUHH SRVVLELOLWLHV )LUVW HPLVVLRQV IDFWRUV IRU DJULFXOWXUH
PD\ GLIIHU GXH WR UHJLRQDO DJULFXOWXUDO SUDFWLFHV RU FOLPDWH 6HFRQG WKH UDQJH PD\ EH FDXVHG E\
GLIIHUHQFHV LQ WKH VSDWLDO GLVWULEXWLRQ RI WKH UXPLQDQW DFWLYLW\ GDWDVHW IURP DFWXDO DJULFXOWXUDO
HPLVVLRQV 7KLUG WKH UDQJH PD\ UHSUHVHQW XQFHUWDLQWLHV FDXVHG E\ VRXUFH VHFWRUV FRORFDWHG ZLWK
UXPLQDQWV 2XU DJULFXOWXUH HPLVVLRQV IDFWRUV LQ WKH WHVW FDVH DUH ORZHVW RYHU WKH ZHVW DQG PLG
ZHVW  DQG  WLPHV ('*$5 UHVSHFWLYHO\ DQG KLJKHVW RYHU WKH VRXWKFHQWUDO 86  WLPHV
('*$5 :H UHSHDW WKH FDOFXODWLRQ RI VRXWKFHQWUDO 86 QRQDJULFXOWXUH DQG QRQSRSXODWLRQ
HPLVVLRQV ,Q WKH PDLQ DUWLFOH ZH HVWLPDWH WKLV EXGJHW DW  ±  7J& \U− D EXGJHW WKDW FRXOG
UHSUHVHQW RLO DQG JDV HPLVVLRQV RU XQDFFRXQWHG ODQGÀOOV ,I ZH DSSO\ WKH ZHVWHUQ 86 UXPLQDQW
HPLVVLRQV IDFWRU WR 7H[DV 2NODKRPD DQG .DQVDV ZH REWDLQ D KLJKHU HVWLPDWH IRU WKLV IRVVLO IXHO
DQGRU ODQGÀOO EXGJHW RI  7J&\U $OWHUQDWHO\ LI ZH DSSO\ WKH VRXWKFHQWUDO 86 UXPLQDQW
HPLVVLRQV IDFWRU WR 7H[DV 2NODKRPD DQG .DQVDV ZH REWDLQ D ORZHU HVWLPDWH IRU WKH IRVVLO IXHO
DQGRU ODQGÀOO EXGJHW RI  7J&\U 7KHVH HVWLPDWHV DUH ZLWKLQ WKH FRQÀGHQFH LQWHUYDOV OLVWHG
LQ WKH PDLQ DUWLFOH IRU UXPLQDQWV DQG IRVVLO IXHO H[WUDFWLRQ DQGRU UXPLQDQWV 1RWH WKDW WKH GLI
IHUHQW VHWXS IRU ; LQ WKLV WHVW FDVH GRHV QRW DIIHFW WRWDO SRVWHULRU PHWKDQH EXGJHWV LQ HDFK UHJLRQ
E\ PRUH WKDQ  FKDQJHV LQ WKH FRQÀJXUDWLRQ RI ; RQO\ DIIHFWV HPLVVLRQV DWWULEXWLRQ E\ VHFWRU
$ 0RGHO FDSDELOLW\ DQG YDOLGDWLRQ
7KLV VHFWLRQ IXUWKHU YDOLGDWHV WKH :5)67,/7 PRGHO WKH HVWLPDWHG PHWKDQH EXGJHW DQG GLV
FXVVHV WKH JHRJUDSKLF FRYHUDJH RI WKH PHWKDQH REVHUYDWLRQV
$ 0RGHO WUDQVSRUW DQG IRRWSULQW YDOLGDWLRQ
7KH :5) ÀHOGV LQ WKLV VWXG\ DUH YDOLGDWHG H[WHQVLYHO\ E\ 1HKUNRUQ HW DO  DQG VHYHUDO SHU
WLQHQW VWDWLVWLFV DUH LQFOXGHG KHUH 7KH :5) VLPXODWLRQV DUH VHW XS VSHFLÀFDOO\ WR FRQVHUYH PDVV

DQG GR VR E\ D IDFWRU RI WHQ EHWWHU WKDQ RWKHU PHWHRURORJLFDO SURGXFWV OLNH WKH 1&(3 JOREDO DQDO
\VLV ÀHOGV )1/ 1HKUNRUQ HW DO  &RPSDUHG WR 86 DQG &DQDGLDQ UDGLRVRQGHV KRUL]RQWDO
ZLQGV LQ :5) H[KLELW D URRW PHDQ VTXDUHG HUURU 506( RI  ²  PV ZLWK QR FKDQJH LQ HUURU
VWDWLVWLFV DW WKH WRS RI WKH SODQHWDU\ ERXQGDU\ OD\HU 1HKUNRUQ HW DO 
6HYHUDO SUHYLRXV LQYHUVLRQ VWXGLHV ZLWK 67,/7 HVWLPDWH HPLVVLRQV WKDW DUH FRQVLVWHQW DFURVV
GLIIHUHQW PHWHRURORJLHV DQG FRPSDUHG ZLWK (XOHULDQ PRGHOV 7KLV IXUWKHU YDOLGDWHV PRGHO WUDQV
SRUW DQG LQGLFDWHV D ODFN RI RYHUDOO ELDV LQ WKH :5)67,/7 IRRWSULQWV + 0LOOHU HW DO  XVH
ERWK :5) DQG WKH 5HJLRQDO $WPRVSKHULF 0RGHOLQJ 6\VWHP 5$06 ZLWK 67,/7 WR HVWLPDWH 86
QLWURXV R[LGH HPLVVLRQV WKH 86 EXGJHWV PDWFK ZLWKLQ  ±  0LOOHU HW DO E )XUWKHUPRUH
67,/7 VWXGLHV RI FDUERQ PRQR[LGH DQG PHWKDQH SURGXFH EXGJHWV FRPSDUDEOH WR WRSGRZQ HPLV
VLRQV HVWLPDWHV ZLWK WKH *HRV&KHP PRGHO &RQVWUDLQWV RQ VXPPHUWLPH 86 FDUERQ PRQR[LGH
HPLVVLRQV ZLWK 5$0667,/7 DQG *HRVFKHP PDWFK WR ZLWKLQ  +XGPDQ HW DO  0LOOHU
HW DO  DQG PHWKDQH EXGJHWV IRU WKH +XGVRQ %D\ /RZODQG LQ &DQDGD HVWLPDWHG ZLWK :5)
67,/7 DQG *HRV&KHP DUH VLPLODU ZLWKLQ  3LFNHWW+HDSV HW DO  0LOOHU HW DO F
$ 9DOLGDWLRQ RI WKH PHWKDQH ERXQGDU\ FRQGLWLRQ
0HWKDQH PHDVXUHPHQWV IURP DLUFUDIW VKRZ JRRG DJUHHPHQW ZLWK PRGHOHG FRQFHQWUDWLRQV QR
WDEO\ DERYH P ZKHUH UHJLRQDO VXUIDFH HPLVVLRQV KDYH OLWWOH LQÁXHQFH VHH )LJ  LQ WKH PDLQ
DUWLFOH $W WKHVH DOWLWXGHV WKH PHDQ PHDVXUHPHQW ² SRVWHULRU PRGHO GLIIHUHQFH LV  SSE ZLWK
D VWDQGDUG GHYLDWLRQ RI  SSE 7KHVH VWDWLVWLFV UHÁHFW XQFHUWDLQWLHV LQ WKH PRGHOHG ERXQGDU\
FRQGLWLRQ EXW DOVR UHÁHFW XQFHUWDLQWLHV LQ WKH PRGHOHG YHUWLFDO JUDGLHQW DQG LQ DGYHFWLRQ RU FRQ
YHFWLRQ RI KHWHURJHQHRXV DLU PDVVHV LQ WKH XSSHU IUHH WURSRVSKHUH
7R WHVW WKH HIIHFW RI D  SSE XQFHUWDLQW\ ZH VXEWUDFW WKLV DPRXQW IURP WKH ERXQGDU\ FRQGL
WLRQ DQG UHHVWLPDWH WKH HPLVVLRQV 7KLV WHVW LQYHUVLRQ SURGXFHV 86 DQG VRXWKFHQWUDO EXGJHWV RI
 ±  DQG  ±  7J& \U− UHVSHFWLYHO\ *LYHQ WKHVH XQFHUWDLQWLHV WKH PHWKDQH EXGJHWV

SUHVHQWHG LQ WKLV VWXG\ PD\ EH VOLJKWO\ ORZ E\  ²  
$ &RPSDULVRQ DJDLQVW DLUFUDIW DQG WRZHU GDWD
5HJXODU PHWKDQH REVHUYDWLRQV IURP WKH 12$$ DLUFUDIW PRQLWRULQJ QHWZRUN KHOS YDOLGDWH WKH
YHUWLFDO PRGHO VWUXFWXUH LH SODQHWDU\ ERXQGDU\ OD\HU KHLJKW DQG FRQYHFWLRQ 7KH FRPSDULVRQ
LQ )LJ  RI WKH PDLQ DUWLFOH LQGLFDWHV VHYHUDO QRWDEOH IHDWXUHV RI WKH PRGHO )LUVW WKH FORVH PDWFK
EHWZHHQ PRGHO DQG REVHUYDWLRQV LQ WKH IUHH WURSRVSKHUH DERYH P FRQÀUPV WKH VXLWDELOLW\ RI
WKH WZRVWDJH PHWKDQH ERXQGDU\ FRQGLWLRQ DV GLVFXVVHG HDUOLHU 6HFRQG WKH YHUWLFDO VWUXFWXUH LQ
WKH PRGHO PDWFKHV ZHOO DJDLQVW REVHUYDWLRQV WR ZLWKLQ  SSE DW DQ\ DLUFUDIW VDPSOLQJ ORFDWLRQ
7ZR DGGLWLRQDO ÀJXUHV SURYLGH IXUWKHU PRGHOGDWD FRPSDULVRQ )LUVW )LJ $ FRPSDUHV PRG
HOHG PHWKDQH FRQFHQWUDWLRQV DJDLQVW WLPH VHULHV RI PHDVXUHPHQWV DW WKH 12$$ WRZHU ORFDWLRQV
$V GLVFXVVHG LQ WKH PDLQ DUWLFOH WKH ('*$5 LQYHQWRU\ XQGHUHVWLPDWHV HPLVVLRQV LQ &DOLIRU
QLD :*& WRZHU DQG 7H[DV :.7 WRZHU PRUH VHYHUHO\ WKDQ LQ RWKHU JHRJUDSKLF UHJLRQV RI
WKH 8QLWHG 6WDWHV 6HFRQG )LJXUH $ FRPSDUHV DOO PHWKDQH REVHUYDWLRQV XVHG LQ WKH LQYHUVLRQ
IURP DLUFUDIW DQG WDOO WRZHU ORFDWLRQV DJDLQVW PRGHOHG FRQFHQWUDWLRQV %RWK ÀJXUHV $ DQG
$ KLJKOLJKW WKH LPSURYHG GDWDPRGHO ÀW JLYHQ E\ WKH SRVWHULRU HPLVVLRQV HVWLPDWH
$ 7KH XWLOLW\ RI DLUFUDIW GDWD LQ WKH LQYHUVLRQ
7R JDXJH WKH XWLOLW\ RI DLUFUDIW GDWD LQ WKH LQYHUVLRQ ZH UXQ D WHVW *,0 XVLQJ RQO\ REVHUYDWLRQV
IURP WKH JURXQG VLWHV 7KLV LQYHUVLRQ HVWLPDWHV D 86 PHWKDQH EXGJHW RI  ±  7J& \U− DQG
7H[DV2NODKRPD.DQVDV EXGJHW RI  ±  7J& \U− 7KLV WHVW LQYHUVLRQ SURGXFHV HPLVVLRQ
ÀHOGV WKDW EOHHG LQWR VSDUVHO\ SRSXODWHG DUHDV DGMDFHQW WR ODUJH VRXUFH UHJLRQV HJ VXUURXQGLQJ
7H[DV DQG &DOLIRUQLD %XW PRGHOHG FRQFHQWUDWLRQV XVLQJ WKLV WHVW HPLVVLRQV HVWLPDWH DUH WRR KLJK
ZLWKLQ WKH IUHH WURSRVSKHUH FRPSDUHG WR DLUFUDIW GDWD $V D UHVXOW ZH LQIHU WKDW DQ HVWLPDWHG 86
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Time series at the Walnut Grove, California, tower (WGC)
Modeled time series at the Moody, Texas, tower (WKT)
CH
4 
(pp
b)
Magnitude of 
estimated model-
data mismatch (σR)
18
50
19
00
19
50
20
00
1/3/2008 1/13/2008 1/23/2008 2/2/2008 2/12/2008 2/22/2008
18
00
18
50
19
00
19
50
20
00
20
50
6/3/2008 6/23/2008 7/13/2008 8/2/2008 8/22/2008
Observations
Boundary condition
EDGAR v4.2
Posterior emissions
19
00
20
00
21
00
22
00
10/16/2008 11/5/2008 11/25/2008 12/15/2008
)LJXUH $ $ PRGHOPHDVXUHPHQW FRPSDULVRQ DW VHYHUDO WRZHU VLWHV 7KH ('*$5 Y DQG SRVWHULRU
PRGHO SORWV LQFOXGH WKH ERXQGDU\ FRQGLWLRQ ZHWODQG FRQWULEXWLRQ PRGHOHG IURP WKH .DSODQ LQYHQWRU\
DQG WKH DQWKURSRJHQLF FRQWULEXWLRQ PRGHOHG IURP ('*$5 DQG WKH SRVWHULRU HPLVVLRQV UHVSHFWLYHO\
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)LJXUH $ $ PRGHOGDWD FRPSDULVRQ VFDWWHU SORW IRU WKH SRVWHULRU HPLVVLRQV HVWLPDWH DQG ('*$5 
EXGJHW IURP DQ LQYHUVLRQ ZLWKRXW DLUFUDIW GDWD ZRXOG OLNHO\ EH WRR KLJK E\ ² 7KH DLUFUDIW
GDWD ERXQG WKH YHUWLFDO UHGLVWULEXWLRQ RI VXUIDFH HPLVVLRQV :LWKRXW WKLV ERXQG WKH LQYHUVLRQ
PD\ LQDFFXUDWHO\ HVWLPDWH HPLVVLRQV WKDW DJUHH ZLWK VXUIDFH PHWKDQH PHDVXUHPHQW EXW QHYHU
WKHOHVV UHVXOW LQ WRR PXFK PHWKDQH LQ WKH IUHH WURSRVSKHUH DQG HPLVVLRQ ÀHOGV WKDW VSUHDG WRR IDU
DFURVV WKH ODQGVFDSH
$ *HRJUDSKLF FRYHUDJH
)LJXUH $ YLVXDOL]HV WKH DYHUDJH IRRWSULQW + RI WKH PHWKDQH PHDVXUHPHQW QHWZRUN LQ 
DQG  7KH ÀJXUH FRQÀUPV WKDW WKH REVHUYDWLRQ QHWZRUN LV VHQVLWLYH WR HPLVVLRQV RYHU PXFK
RI WKH FHQWUDO DQG ZHVWHUQ 8QLWHG 6WDWHV EXW LQVHQVLWLYH WR FRDO RU XUEDQUHODWHG HPLVVLRQV LQ
WKH PLG DQG VRXWKHUQ $WODQWLF VWDWHV ,Q SDUWLFXODU WKH VSDUVLW\ RI REVHUYDWLRQV QHDU :HVW 9LU
JLQLD DQG 3HQQV\OYDQLD LQKLELWV D VWURQJ FRQVWUDLQW RQ (DVW &RDVW FRDO HPLVVLRQV 86 (3$ HVWL
PDWHV WKDW FRDO FRQVWLWXWHV  RI DOO PHWKDQH HPLVVLRQV DQG DSSUR[LPDWHO\ RQH WKLUG RI DOO 86
FRDO SURGXFWLRQ LV LQ $SSDODFKLD 86 (3$  <RXQJ  &RQVHTXHQWO\ ZH HVWLPDWH WKDW
D SDXFLW\ RI REVHUYDWLRQV RYHU $SSDODFKLD PD\ FRQWULEXWH D  ²  XQFHUWDLQW\ LQ WKH WRWDO 86
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)LJXUH $ 7KH IRRWSULQW RI WKH ² PHWKDQH REVHUYDWLRQ QHWZRUN LH + DYHUDJHG E\ URZ &RQ
WRXU OLQHV UHSUHVHQW WKH SHUFHQWDJH RI WKH VXPPHG REVHUYDWLRQ QHWZRUN IRRWSULQW WKDW LV HQFDSVXODWHG E\
WKH JLYHQ DUHD ,Q RWKHU ZRUGV WKLV ÀJXUH LOOXVWUDWHV WKH H[WHQW WR ZKLFK HPLVVLRQV LQ GLIIHUHQW ORFDWLRQV
DUH ´VHHQµ E\ WKH REVHUYDWLRQ QHWZRUN DQG SURYLGHV D VHQVH RI WKH QHWZRUN·V DELOLW\ WR FRQVWUDLQ VRXUFHV
DFURVV GLIIHUHQW UHJLRQV
PHWKDQH EXGJHW
$ &RPSDULVRQ ZLWK WKH PHWKDQH HVWLPDWH IURP .DW]HQVWHLQ HW DO 
$Q VWHDG\ LQFUHDVH LQ WKH QXPEHU RI 86 JDV ZHOOV EHWZHHQ  DQG ² PD\ SDUWLDOO\ H[
SODLQ WKH GLIIHUHQFHV EHWZHHQ WKLV VWXG\ DQG .DW]HQVWHLQ HW DO  7KH WRWDO QXPEHU RI ZHOOV
LQ 7H[DV IRU H[DPSOH LQFUHDVHG E\ ∼ RYHU WKLV WLPH SHULRG 86 (QHUJ\ ,QIRUPDWLRQ $GPLQLV
WUDWLRQ 
6HYHUDO DVSHFWV RI RXU LQYHUVH PRGHOLQJ VWXG\ DOVR DOORZ D PRUH H[WHQVLYH SLFWXUH RI HPLV
VLRQV WKDQ DYDLODEOH WR SUHYLRXV VWXGLHV 7KH 12$$'2( REVHUYDWLRQV IURP D GLYHUVH VHW RI
PHDVXUHPHQW SODWIRUPV FKDUDFWHUL]H WKH DWPRVSKHULF GLVWULEXWLRQ RI PHWKDQH RYHU D PXOWL\HDU
SHULRG :H QRWH WKDW FRQFHQWUDWLRQV PHDVXUHG ZHHNO\ DW WKH 12$$ 7H[DV :.7 WRZHU IURP
 WR  DYHUDJH ∼SSE KLJKHU WKDQ JURXQGOHYHO REVHUYDWLRQV QHDU WKH :.7 VLWH GXULQJ

WKH .DW]HQVWHLQ HW DO VWXG\ .DW]HQVWHLQ HW DO  $ VWDWLRQDU\ IURQW RQ WKH 7H[DV  2NODKRPD
ERUGHU DQG VWURQJ FRQYHFWLRQ RYHU 7H[DV GXULQJ WKH GD\ PHDVXUHPHQW SHULRG PD\ KDYH ORIWHG
PHWKDQH SOXPHV KLJKHU LQWR WKH WURSRVSKHUH EH\RQG GHWHFWLRQ DW WKH VXUIDFH 7KH :5)67,/7
PRGHO VLPXODWHV WKH WHPSRUDO DQG VSDWLDO YDULDWLRQ LQ DGYHFWLRQ FRQYHFWLRQ DQG ERXQGDU\ OD\HU
G\QDPLFV FRQVLVWHQW ZLWK PHWHRURORJLFDO GDWD 7KLV GHWDLOHG FKDUDFWHUL]DWLRQ RI WKH DWPRVSKHUH
DFFRXQWV IRU PHWKDQH SOXPHV WKDW DUH QRW XQLIRUPO\ PL[HG ZLWKLQ WKH ORZHU WURSRVSKHUH +HQFH
WKH FRPSUHKHQVLYH 12$$'2( PHWKDQH PHDVXUHPHQWV DQG RXU *,0 SURYLGH SHUVSHFWLYH RQ
QDWLRQDO HPLVVLRQV DQG VRXUFH VHFWRUV QRW SRVVLEOH LQ SUHYLRXV HIIRUWV

%6XSSOHPHQWDO PDWHULDO IRU FKDSWHU 
% 'HWDLOHG PRGHO H[SODQDWLRQ DQG YDOLGDWLRQ
% 0HWHRURORJ\ RYHUYLHZ
7KH :5) PHWHRURORJLFDO VLPXODWLRQV XVHG LQ WKLV VWXG\ KDYH EHHQ FRQVWUXFWHG H[SOLFLWO\ IRU WUDFH
JDV PRGHOLQJ ZLWK 67,/7 DQG WKH VDPH :5) ÀHOGV KDYH EHHQ XVHG LQ D QXPEHU RI JUHHQKRXVH
JDV PRGHOLQJ VWXGLHV HJ .RUW HW DO  *RXUGML HW DO  +XQW]LQJHU HW DO  *RXUGML
HW DO  0LOOHU HW DO  F 6KLJD HW DO  $PRQJ RWKHU IHDWXUHV WKHVH VLPXODWLRQV
FRQVHUYH PDVV E\ D IDFWRU RI WHQ EHWWHU WKDQ RWKHU PHWHRURORJLFDO SURGXFWV OLNH WKH 1&(3 JOREDO
DQDO\VLV ÀHOGV )1/ 1HKUNRUQ HW DO  1HKUNRUQ HW DO  DQG +HJDUW\ HW DO  YDO
LGDWH WKH :5) ÀHOGV JHQHUDWHG IRU 67,/7 DJDLQVW PHWHRURORJLFDO REVHUYDWLRQV DQG FRQWUROOHG
WUDFHU UHOHDVH H[SHULPHQWV UHVSHFWLYHO\ 7KH IRUPHU VWXG\ FRPSDUHV KRUL]RQWDO ZLQGV LQ :5)
DJDLQVW UDGLRVRQGHV :5) H[KLELWV D URRW PHDQ VTXDUHG HUURU 506( RI  ²  PV ZLWK QR
FKDQJH LQ HUURU VWDWLVWLFV DW WKH WRS RI WKH SODQHWDU\ ERXQGDU\ OD\HU 7KH ODWWHU VWXG\ FRPSDUHV
WKH SHUIRUPDQFH RI VHYHUDO SDUWLFOH WUDMHFWRU\ PRGHOV LQFOXGLQJ 67,/7 FRXSOHG ZLWK D YDULHW\ RI
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)LJXUH % 7KH NP DQG NP UHVROXWLRQ GRPDLQV XVHG LQ WKH :5) PRGHO UXQV
ZLQG ÀHOGV :5) ÀHOGV SURGXFH WKH EHVW UHVXOWV DPRQJ WKH H[DPLQHG ZLQG ÀHOGV ZKHQ WHVWHG
DJDLQVW FRQWUROOHG WUDFHU UHOHDVH H[SHULPHQWV +HJDUW\ HW DO 
6HFWLRQ % GHVFULEHV WKH ODQG VXUIDFH PRGHO XVHG LQ :5)
% 1HVWHG PHWHRURORJ\ VHWXS
7KH :5)ÀHOGV XVHG LQ WKLV VWXG\ DUH QHVWHG NP UHVROXWLRQ ZLQG ÀHOGV GULYH SDUWLFOH WUD
MHFWRULHV RYHU PRVW RI WKH FRQWLQHQWDO 86 DQG PXFK RI &DQDGD ZKLOH NP ZLQG ÀHOGV GULYH
WUDMHFWRULHV LQ PRUH GLVWDQW UHJLRQV )LJ % 7KLV QHVWHG VHWXS DIIRUGV D GHWDLOHG GHVFULSWLRQ
RI ZLQGV ZLWKLQ ² KRXUV RI WKH PHDVXUHPHQW ORFDWLRQ DQG WKH NP UHVROXWLRQ DW JUHDWHU
GLVWDQFHV DOORZV VXEVWDQWLDO FRPSXWDWLRQDO VDYLQJV 7KLV DUUDQJHPHQW PDNHV LW FRPSXWDWLRQDOO\
IHDVLEOH WR UXQ DQ HQVHPEOH RI  EDFNWUDMHFWRULHV IRU HDFK RI ∼ KRXUO\ PHWKDQH PHD
VXUHPHQWV 1HVWHG :5) ÀHOGV KDYH EHHQ HPSOR\HG LQ D QXPEHU RI 67,/7 PRGHOLQJ VWXGLHV HJ
=KDR HW DO  1HKUNRUQ HW DO  .RUW HW DO  *RXUGML HW DO  +XQW]LQJHU HW DO
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 3LOODL HW DO  *RXUGML HW DO  -HRQJ HW DO  0F.DLQ HW DO  3LOODL HW DO
 ;LDQJ HW DO E 0LOOHU HW DO  F +HJDUW\ HW DO  1HZPDQ HW DO  6KLJD
HW DO 
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(A) Trajectories       (B) Footprints     (C) Mass conservation statistics
)LJXUH % $ FRPSDULVRQ RI 67,/7 WUDMHFWRULHV UXQ ZLWK QHVWHGUHVROXWLRQ :5) ÀHOGV RGG URZV RI WKH
ÀJXUH DQG QRQQHVWHG NP ÀHOGV HYHQ URZV &ROXPQ $ VKRZV WKH WUDMHFWRULHV DVVRFLDWHG ZLWK VLQ
JOH PHWKDQH PHDVXUHPHQWV DW (DVW 7URXW /DNH 6DVNDWFKHZDQ RQ -DQ   DQG DW )UDVHUGDOH 2QWDULR
RQ -DQ   (DFK HQVHPEOH RI WUDMHFWRULHV FRQWDLQV  SDUWLFOHV WKDW UXQ EDFNZDUG LQ WLPH DORQJ WKH
:5) ZLQG ÀHOGV &ROXPQ % GLVSOD\V WKH IRRWSULQWV DVVRFLDWHG ZLWK HDFK VHW RI WUDMHFWRULHV XVHG WR FRQ
VWUXFW + 2QO\ SDUWLFOHV ZLWKLQ WKH PL[HG OD\HU KDYH D QRQ]HUR IRRWSULQW VR WKH IRRWSULQWV KDYH D OHVV
GLVSHUVHG VSDWLDO GLVWULEXWLRQ FRPSDUHG WR WKH WUDMHFWRULHV &ROXPQ & SORWV GPDVV D FXPXODWLYH PHWULF
RI PDVV FRQVHUYDWLRQ UHIHU WR VHFWLRQ % 3DQHOV VKRZ ERWK WKH PHDQ DQG GLVWULEXWLRQ RI GPDVV DW HDFK
WLPH VWHS GPDVV YDOXHV UHDFK DV KLJK DV  DQG DV ORZ DV ]HUR ZKHQ 67,/7 LV SDLUHG ZLWK RWKHU PHWHRUR
ORJLFDO SURGXFWV VHFWLRQ %
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)LJXUH % 7KLV ÀJXUH LV LGHQWLFDO WR )LJ % EXW FRPSDUHV WUDMHFWRULHV IURP &KLERXJDPDX 4XHEHF RQ
-XO\  

)LJXUHV % DQG % FRPSDUH VDPSOH 67,/7 WUDMHFWRULHV FUHDWHG ZLWK WKH QHVWHG :5) ÀHOGV
DJDLQVW WUDMHFWRULHV FUHDWHG ZLWK WKH NP ÀHOGV RQO\ 7KH H[DPSOHV LQ WKHVH ÀJXUHV VSDQ ZLQ
WHU WR VXPPHU VHDVRQV DQG UHSUHVHQW GLIIHUHQW V\QRSWLF WUDQVSRUW SDWWHUQV ,QGLYLGXDO SDQHOV
GLVSOD\ WKH EDFNWUDMHFWRULHV )LJV %D DQG %D WKH LQÁXHQFH IRRWSULQWV XVHG WR FRQVWUXFW
+ )LJV %E DQG %E DQG D PHWULF RI PDVV FRQVHUYDWLRQ GPDVV )LJV %F DQG %F )RU WKH
QHVWHG :5) VHWXS WUDQVSRUW LV FRQWLQXRXV DQG VPRRWK DW WKH NPNP ZLQG ÀHOG ERXQG
DULHV )XUWKHUPRUH V\QRSWLFVFDOH WUDQVSRUW SDWWHUQV DUH FRQVLVWHQW LQ QHVWHG DQG QRQQHVWHG
PRGHO UXQV
%RWK QHVWHG DQG QRQQHVWHG :5)67,/7 VHWXSV GLVSOD\ IDYRUDEOH PDVV FRQVHUYDWLRQ VWDWLV
WLFV 7KH GPDVV SDUDPHWHU )LJV %F DQG %F SURYLGHV DQ HVWLPDWH RI FXPXODWLYH PDVV FUHDWLRQ
RU ORVV LQ HDFK EDFNWUDMHFWRU\ $ YDOXH RI RQH LQGLFDWHV SHUIHFW PDVV FRQVHUYDWLRQ ZKLOH  LQ
GLFDWHV  ORVV DQG  LQGLFDWHV  PDVV JDLQ 1HKUNRUQ HW DO  67,/7 XVHV WKH GPDVV
SDUDPHWHU WR FRUUHFW IRU PDVV YLRODWLRQ LQ WKH IRRWSULQWV ,Q JHQHUDO WKH NP ZLQG ÀHOGV SUR
GXFH OHVV PDVV FUHDWLRQORVV FRPSDUHG WR WKH NP ZLQG ÀHOGV +HJDUW\ HW DO  UHSRUW WKDW
WKH NP UHVROXWLRQ ÀHOGV QRQHWKHOHVV UHSURGXFH DWPRVSKHULF WUDQVSRUW EHWWHU WKDQ FRDUVHU
UHVROXWLRQ ZLQGV ,Q WKH QHVWHG UXQV PDVV FRQVHUYDWLRQ VWDWLVWLFV DUH DOVR FRQWLQXRXV DW WKH ZLQG
ÀHOG ERXQGDULHV ,Q FRPSDULVRQ RWKHU PHWHRURORJLFDO SURGXFWV OLNH ('$6 (WD 'DWD $VVLP
LODWLRQ 6\VWHP DQG )1/ )LQDO SURGXFH GPDVV YDOXHV DV KLJK DV  DQG DV ORZ DV ]HUR 0LOOHU
 1HKUNRUQ HW DO 
1RWH WKDW ZH XVH QHVWHG ZLQG ÀHOGV H[FOXVLYHO\ IRU FRPSXWLQJ WKH EDFNWUDMHFWRULHV 7KH .D
SODQ ZHWODQG ÁX[ PRGHO XVHV PDQ\ LQSXWV IURP :5) HJ VRLO PRLVWXUH VRLO WHPSHUDWXUH DQG
WKHVH LQSXWV DUH GUDZQ H[FOXVLYHO\ IURP WKH NP ÀHOGV
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)LJXUH % ([DPSOHV RI WKH PHWKDQH ERXQGDU\ FRQGLWLRQ D DW ◦1 DQG D YDULHW\ RI GDWHV DQG DOWLWXGHV
DQG E RQ $XJXVW   DQG D YDULHW\ RI ODWLWXGHV DQG DOWLWXGHV 1RWH WKH GLIIHUHQW VFDOHV RQ HDFK SDQHO
% %RXQGDU\ FRQGLWLRQ
:5)67,/7 RQO\ PRGHOV PHWKDQH VRXUFHV RYHU WKH 1RUWK $PHULFDQ FRQWLQHQW DQG WKHUHIRUH UH
TXLUHV D PHWKDQH ERXQGDU\ FRQGLWLRQ VHH VHFWLRQV  LQ WKH PDLQ DUWLFOH 7KH ERXQGDU\ FRQGL
WLRQ UHSUHVHQWV WKH PL[LQJ UDWLR RI PHWKDQH LQ DLU PDVVHV EHIRUH WKH\ UHDFK WKH FRQWLQHQW IURP
ERWK ZHVWHUO\ DQG QRUWKHUO\ V\QRSWLF DLU ÁRZ
7KLV VWXG\ XVHV DQ HPSLULFDO ERXQGDU\ WKDW LQWHUSRODWHV D YDULHW\ RI WUDFH JDV PHDVXUHPHQWV
IURP JURXQGEDVHG VLWHV DQG DLUFUDIW LQ WKH 12$$ (65/ *OREDO 0RQLWRULQJ 'LYLVLRQ·V &RRS
HUDWLYH *OREDO $LU 6DPSOLQJ 1HWZRUN 7KH LQWHUSRODWHG ERXQGDU\ FXUWDLQ LQFOXGHV PHWKDQH
PHDVXUHPHQWV IURP *UHHQODQG $ODVND &DOLIRUQLD +DZDLL DQG IURP VKLS WUDFNV LQ WKH 3DFLÀF
2FHDQ DPRQJ RWKHU VLWHV 7KH PHDVXUHPHQWV DUH LQWHUSRODWHG ODWLWXGLQDOO\ DQG YHUWLFDOO\ XVLQJ
WKH D FXUYHÀWWLQJ SURFHGXUH 7KRQLQJ HW DO  )LJ % GLVSOD\V H[DPSOH FURVVVHFWLRQV RI
WKH ERXQGDU\ FRQGLWLRQ E\ GDWH )LJ %D DQG ODWLWXGH )LJ %E
7KH HVWLPDWHG ERXQGDU\ YDOXH DVVRFLDWHG ZLWK HDFK WUDMHFWRU\ UXQ GHSHQGV RQ WKH HQGLQJ ODWL
WXGHV DOWLWXGHV DQG GD\V RI WKH WUDMHFWRULHV
)RU PRVW PRGHOGDWD FRPSDULVRQV LQ WKH PDLQ DUWLFOH ZH KDYH VXEWUDFWHG WKH HVWLPDWHG ERXQG
DU\ YDOXH IURP WKH PHDVXUHPHQWV WR FOHDUO\ GHSLFW WKH HIIHFW RI 1RUWK $PHULFDQ PHWKDQH VRXUFHV

RQ WKH PHDVXUHPHQW VLWHV HJ )LJV  DQG  LQ WKH PDLQ DUWLFOH 7KH IXOO PL[LQJ UDWLR PHDVXUH
PHQWV VKRZ ODUJH VHDVRQDOLW\ ∼SSE XQUHODWHG WR HPLVVLRQV GXH WR FKDQJHV QRUWKHUQ KHPL
VSKHUH K\GUR[\O UDGLFDO FRQFHQWUDWLRQV $ WLPH VHULHV SORW RI IXOO PL[LQJ UDWLR PHDVXUHPHQWV
ZRXOG YLVXDOO\ REVFXUH WKH HIIHFW RI 1RUWK $PHULFDQ PHWKDQH ÁX[HV RQ WKH PHDVXUHPHQWV
([LVWLQJ VWXGLHV YDOLGDWH WKLV HPSLULFDO ERXQGDU\ FRQGLWLRQ DJDLQVW PHWKDQH GDWD IURP DLU
FUDIW LQ WKH 1RUWK $PHULFDQ IUHH WURSRVSKHUH 0LOOHU HW DO  FRPSDUH WKH ERXQGDU\ FRQGL
WLRQ DJDLQVW 12$$ DLUFUDIW GDWD RYHU WKH FRQWLQHQWDO 86 ZKLFK LQ VRPH FDVHV ZHUH DOVR XVHG
WR FRQVWUXFW WKH ERXQGDU\ FRQGLWLRQ 7KH\ ÀQG WKDW WKH ERXQGDU\ KDV VPDOO UHJLRQDO DQGRU
VHDVRQDO ELDVHV RI  WR SSE FRPSDUHG WR WKLV DLUFUDIW GDWD 0LOOHU HW DO  IXUWKHU DGMXVW
WKH HPSLULFDO ERXQGDU\ FRQGLWLRQ WR UHPRYH WKHVH UHJLRQDO DQGRU VHDVRQDO ELDVHV FRPSDUHG WR
DLUFUDIW GDWD +RZHYHU UHJXODU PHWKDQH GDWD IURP DLUFUDIW DUH VSDUVH RYHU &DQDGD VR LW LV QRW
IHDVLEOH LQ WKLV VWXG\ WR ÀW WKH PHWKDQH ERXQGDU\ FRQGLWLRQ WR UHJLRQDO IUHH WURSRVSKHUH YDOXHV
% &RQVLVWHQF\ EHWZHHQ :5)67,/7 DQG RWKHU DWPRVSKHULF PRGHOV
$ QXPEHU RI H[LVWLQJ 67,/7 VWXGLHV SURGXFH VXUIDFH ÁX[ HVWLPDWHV WKDW DUH FRPSDUDEOH WR VWXG
LHV ZLWK GLIIHUHQW WUDQVSRUW PRGHOV DQGRU PHWHRURORJLHV 7KHVH FRPSDULVRQV VXSSRUW PRGHO
WUDQVSRUW DV UHSUHVHQWHG E\ :5)67,/7 DQG VXJJHVW D ODFN RI RYHUDOO ELDV LQ WKH :5)67,/7 IRRW
SULQWV + 0LOOHU HW DO E XVH ERWK :5) DQG WKH 5HJLRQDO $WPRVSKHULF 0RGHOLQJ 6\VWHP
5$06 ZLWK 67,/7 WR HVWLPDWH 86 QLWURXV R[LGH HPLVVLRQV WKH 86 EXGJHWV PDWFK ZLWKLQ  ±
 )XUWKHUPRUH 67,/7 VWXGLHV RI FDUERQ PRQR[LGH DQG WKH SUHVHQW PHWKDQH VWXG\ ERWK SUR
GXFH EXGJHWV FRPSDUDEOH WR WRSGRZQ HPLVVLRQV HVWLPDWHV ZLWK WKH *HRV&KHP PRGHO &RQ
VWUDLQWV RQ VXPPHUWLPH 86 FDUERQ PRQR[LGH HPLVVLRQV ZLWK 5$0667,/7 DQG *HRV&KHP
PDWFK WR ZLWKLQ  +XGPDQ HW DO  0LOOHU HW DO  DQG PHWKDQH EXGJHWV IRU WKH +XG
VRQ %D\ /RZODQGV +%/ LQ WKLV VWXG\ PDWFK 3LFNHWW+HDSV HW DO  WR ZLWKLQ ∼

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)LJXUH % 7KLV ÀJXUH YLVXDOL]HV WKH VHQVLWLYLW\ RI WKH REVHUYDWLRQV WR HPLVVLRQV LQ GLIIHUHQW UHJLRQV 7KH
FRQWRXU OLQHV LQGLFDWH WKH UHJLRQV WKDW HQFRPSDVV   DQG  RI WKH WRWDO VHQVLWLYLW\ RU IRRWSULQW RI WKH
REVHUYDWLRQV ,Q RWKHU ZRUGV WKH ÀJXUH SURYLGHV D PHDVXUH RI JHRJUDSKLF FRYHUDJH RI WKH LQYHUVLRQ
% *HRJUDSKLF FRYHUDJH DQG GDWD OLPLWDWLRQV
)LJ % GLVSOD\V WKH VXPPHG IRRWSULQWV + XQLWV RI PL[LQJ UDWLR SHU ÁX[ IRU WKH WZR \HDU ²
 VWXG\ SHULRG 7KH IRRWSULQWV LQGLFDWH WKH VHQVLWLYLW\ RI WKH PHDVXUHPHQWV WR ÁX[HV LQ GLI
IHUHQW JHRJUDSKLF UHJLRQV 7KLV ÀJXUH GLVSOD\V WKH FRQWRXU OLQHV RI WKH IRRWSULQWV WKH UHJLRQV
WKDW HQFRPSDVV   DQG  RI WKH WRWDO VHQVLWLYLW\ 7KH IRRWSULQWV VKRZ EURDG FRYHUDJH
DFURVV &DQDGD 2EVHUYDWLRQV DUH SDUWLFXODUO\ VHQVLWLYH WR ÁX[HV LQ WKH +XGVRQ %D\ DQG *UHDW
/DNHV UHJLRQV DV ZHOO DV ÁX[HV LQ 6DVNDWFKHZDQ DQG HDVWHUQ $OEHUWD
7KUHH DGGLWLRQDO &DQDGLDQ PHDVXUHPHQW VLWHV /DF /DELFKH $OEHUWD (JEHUW 2QWDULR DQG
6DEOH ,VODQG 1RYD 6FRWLD DUH H[FOXGHG IURP WKH DQDO\VLV 7KH /DF /DELFKH DQG (JEHUW VLWHV OLH
UHODWLYHO\ FORVH WR WKH JURXQG P DQG P DJO UHVSHFWLYHO\ DQG DUH WKHUHIRUH SDUWLFXODUO\ VHQ
VLWLYH WR QHDUVXUIDFH PL[LQJ RU XQUHVROYHG WXUEXOHQW HGGLHV 6DEOH ,VODQG OLHV IDU IURP PHWKDQH

VRXUFHV DQG VHHV PRVWO\ PDULQH EDFNJURXQG DLU
)LJ % LQGLFDWHV VHYHUDO JDSV LQ WKH ² REVHUYDWLRQ QHWZRUN 7KH QHWZRUN KDV OLPLWHG
FRYHUDJH DFURVV $UFWLF &DQDGD LQ HDVWHUQ 4XHEHF DQG PDULWLPH &DQDGD DQG RYHU WKH VRXWKHUQ
KDOI RI $OEHUWD
% 'HWDLOHG VWDWLVWLFDO PHWKRGRORJ\
% &RYDULDQFH PDWUL[ VWUXFWXUH DQG HVWLPDWLRQ
:H HVWLPDWH WKH SDUDPHWHUV ս WKDW GHÀQH WKH FRYDULDQFH PDWULFHV 5 DQG 4 XVLQJ D PHWKRG
NQRZQ DV UHVWULFWHG PD[LPXP OLNHOLKRRG 5(0/ 0D[LPXP OLNHOLKRRG PHWKRGV DUH VWDQGDUG
HVWLPDWLRQ WRROV IRU VWDWLVWLFDO SDUDPHWHUV LQFOXGLQJ YDULDQFHV DQG FRYDULDQFHV HJ 'HYRUH
 FK  5HVWULFWHG 0D[LPXP /LNHOLKRRG PDNHV LW SRVVLEOH WR HVWLPDWH WKH YDULDQFH DQGRU
FRYDULDQFH ZKHQ WKH PHDQ DQG DQ\ RWKHU GULIW FRHIÀFLHQWV շ DUH XQNQRZQ E\ ÀUVW UHPRYLQJ
WKH HIIHFW RI WKHVH XQNQRZQ YDULDEOHV &RUEHLO 	 6HDUOH  5(0/ KDV EHHQ XVHG IRU FRYDUL
DQFH SDUDPHWHU HVWLPDWLRQ LQ WKH VROXWLRQ RI D YDULHW\ RI LQYHUVH SUREOHPV HJ .LWDQLGLV 
LQFOXGLQJ WKH HVWLPDWLRQ RI DWPRVSKHULF WUDFH JDV VRXUFHV DQG VLQNV HJ 0LFKDODN HW DO 
*RXUGML HW DO 
5(0/ ZLOO HVWLPDWH WKH SDUDPHWHUV ս WKDW DUH PRVW OLNHO\ JLYHQ ERWK WKH PHDVXUHPHQWV ]

Mean observed signal (z)
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)LJXUH % %OXH EDUV LOOXVWUDWH WKH PHDQ PHWKDQH VLJQDO IURP 1RUWK $PHULFDQ VRXUFHV DW HDFK WRZHU VLWH
] WKH PHDVXUHG PL[LQJ UDWLR PLQXV WKH ERXQGDU\ FRQGLWLRQ 7KH UHG EDUV GHSLFW WKH HVWLPDWHG PRGHO
GDWD PLVPDWFK HUURUV HJ WKH VTXDUH URRW RI WKH GLDJRQDO RI 5 7KHVH HUURUV HQFRPSDVV XQFHUWDLQWLHV
XQUHODWHG WR WKH HPLVVLRQV HJ WUDQVSRUW PHWKDQH ERXQGDU\ FRQGLWLRQ HWF
DQG DWPRVSKHULF PRGHO + HJ 0LFKDODN HW DO 
/ս = − OQ
∫
շ
∫
V
S(V, շ,ս|],+) GV Gշ
=  OQ |ԇ|+  OQ |;7+7ԇ−+;|+ ]7Ӿ] %
ZKHUH
ԇ = +4+7 + 5 %
Ӿ = ԇ− −ԇ−+;(;7+7ԇ−+;)−;7+7ԇ− %
7KH EHVW HVWLPDWH RI WKH FRYDULDQFH PDWUL[ SDUDPHWHUV ս LV REWDLQHG E\ PLQLPL]LQJ WKH QHJD
WLYH ORJ OLNHOLKRRG RI WKH REVHUYDWLRQV /ս LQ (T % 7KLV LV HTXLYDOHQW WR PD[LPL]LQJ WKH SURE
DELOLW\ S(V, շ,ս|],+) DIWHU LQWHJUDWLQJ RXW WKH XQNQRZQ ÁX[HV V DQG FRHIÀFLHQWV շ
)RU WKH LQYHUVLRQ VHWXS KHUH WKH PRGHOPLVPDWFK FRYDULDQFH PDWUL[ 5 LV GLDJRQDO 7KLV
VHWXS LV FRQVLVWHQW ZLWK D QXPEHU RI SUHYLRXV LQYHUVLRQ VWXGLHV WKDW XVH WRZHUEDVHG WUDFH JDV
GDWD HJ =KDR HW DO  %HUJDPDVFKL HW DO  -HRQJ HW DO  *RXUGML HW DO  :H

XVH 5(0/ WR HVWLPDWH D GLIIHUHQW PRGHOGDWD PLVPDWFK YDULDQFH ֆ5 IRU WKH HDVWHUQ /() &+0
)6' DQG ZHVWHUQ &'/ (7/ WRZHU VLWHV )XUWKHUPRUH ZH PRGHO WKLV YDULDQFH WR EH FRQVWDQW
DFURVV DOO VHDVRQV )LJ % FRPSDUHV WKH HVWLPDWHG PRGHOGDWD PLVPDWFK YDOXHV DW HDFK PHD
VXUHPHQW VLWH DJDLQVW WKH DYHUDJH PHDVXUHG VLJQDO IURP 1RUWK $PHULFDQ VRXUFHV ]
7KH D SULRUL FRYDULDQFH PDWUL[ 4 GHVFULEHV WKH GLIIHUHQFHV EHWZHHQ WKH GHWHUPLQLVWLF PRGHO
DQG WKH WUXH ÁX[HV ,W UHTXLUHV D PRUH FRPSOH[ VWUXFWXUH IRU VHYHUDO UHDVRQV )LUVW WKH GHWHUPLQ
LVWLF PRGHO PD\ EH D EHWWHU RU ZRUVH ÀW RYHU ZHWODQG ÁX[ UHJLRQV WKDQ LQ UHJLRQV GRPLQDWHG E\
DQWKURSRJHQLF HPLVVLRQV 6HFRQG WKH GHWHUPLQLVWLF PRGHO ÀWV ZHWODQG ÁX[HV LQ HDVWHUQ &DQDGD
EHWWHU WKDQ LQ ZHVWHUQ &DQDGD VHH )LJ  LQ WKH PDLQ DUWLFOH )LQDOO\ WKH GHWHUPLQLVWLF PRGHO
PD\ GHVFULEH ZHWODQG ÁX[HV PRUH DGHSWO\ LQ VRPH VHDVRQV WKDQ LQ RWKHUV HJ )LJ  LQ WKH PDLQ
DUWLFOH )RU WKHVH WKUHH UHDVRQV WKH LQYHUVLRQ SUREOHP UHTXLUHV D FRYDULDQFH IXQFWLRQ WKDW LV ERWK
VSDWLDOO\ DQG WHPSRUDOO\ QRQVWDWLRQDU\ 7R WKLV HQG ZH PRGHO WKH GLDJRQDO HOHPHQWV RI 4 GH
QRWHG ֆ4 DV IROORZV
ֆ4 = ն + ն[PRQWKO\.DSODQ+%/EXGJHW] +
ն[VPRRWK IXQFWLRQV RYHU DQWKURSRJHQLF UHJLRQV] %
ZKHUH ն ն DQG ն DUH FRQVWDQWV HVWLPDWHG E\ 5(0/ ,Q RWKHU ZRUGV WKH FRYDULDQFH IXQF
WLRQ KDV D FRPSRQHQW WKDW LV VSDWLDOO\ DQG WHPSRUDOO\ FRQVWDQW ն WKDW YDULHV VHDVRQDOO\ ZLWK
WKH PDJQLWXGH RI ZHWODQG ÁX[HV ն[PRQWKO\.DSODQ+%/EXGJHW] DQG WKDW YDULHV VSDWLDOO\
ն[VPRRWK IXQFWLRQV...] )LJXUH % GLVSOD\V WKH DQQXDO PHDQ ֆ4 DV HVWLPDWHG E\ 5(0/
7KH FRYDULDQFHV GHFD\ H[SRQHQWLDOO\ ZLWK GLVWDQFH
4LM(KLM|ֆ4L, ֆ4M, O) = ֆ4Lֆ4M H[S
(
−KLM
O
)
%

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)LJXUH % 7KH HVWLPDWHG VWDQGDUG GHYLDWLRQ RI WKH GLIIHUHQFH EHWZHHQ WKH GHWHUPLQLVWLF PRGHO DQG WKH
WUXH XQNQRZQ ÁX[HV ֆˆ4 7KLV LV V\QRQ\PRXV ZLWK WKH VWDQGDUG GHYLDWLRQ RI WKH VWRFKDVWLF FRPSRQHQW
DOO ÁX[HV QRW GHVFULEHG E\ WKH GHWHUPLQLVWLF PRGHO :H HVWLPDWH WKHVH TXDQWLWLHV XVLQJ 5(0/ VHFWLRQ
%
ZKHUH KLM LV WKH JUHDW FLUFOH GLVWDQFH EHWZHHQ ORFDWLRQV L DQG M O LV WKH GHFRUUHODWLRQ OHQJWKVFDOH
DQG ֆ4L DQG ֆ4M DUH WKH VWDQGDUG GHYLDWLRQV JLYHQ LQ (T % DW ORFDWLRQV L DQG M
5(0/ HVWLPDWHV D WRWDO GHFRUUHODWLRQ OHQJWK O RI  ± NP 5(0/ GLG QRW FRQYHUJH RQ
WHPSRUDO GHFRUUHODWLRQ OHQJWK DQG ZH RPLW WHPSRUDO FRUUHODWLRQV LQ 4
,Q VXPPDU\ ZH LPSOHPHQW 5(0/ WR HVWLPDWH VL[ SDUDPHWHUV ս WKDW KHOS GHÀQH WKH FRYDUL
DQFH PDWULFHV 5 DQG 4 ն ն ն O DQG WZR YDOXHV RI ֆ5
% 7KH %D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ
7KLV VWXG\ XVHV WKH %D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ %,& WR VHOHFW SUHGLFWRUV IRU WKH GHWHUPLQLV
WLF PRGHO :H FDOFXODWH %,& VFRUHV XVLQJ WKH IROORZLQJ HTXDWLRQV DV SUHVHQWHG LQ *RXUGML HW DO

%,& = OQ |ԇ|+ ]7Ӿ]+ S OQ Q %
7KH ÀQDO %,& VFRUH IRU HDFK FDQGLGDWH PRGHO LV XQLWOHVV 7KLV VFRUH LQFUHDVHV ZLWK WKH PDJ
QLWXGH RI WKH FRPELQHG FRYDULDQFH PDWULFHV ԇ ZLWK WKH ZHLJKWHG VXP RI VTXDUHG UHVLGXDOV

]7Ӿ] DQG ZLWK WKH FRPSOH[LW\ RI WKH GHWHUPLQLVWLF PRGHO S OQ Q
:H DGG D IXUWKHU FRQVWUDLQW WKDW QRQH RI WKH HQYLURQPHQWDO GDWDVHWV LQ ; FDQ FRQWULEXWH QHJD
WLYHO\ WR WKH PHWKDQH ÁX[HV ,Q RWKHU ZRUGV LW ZRXOG EH LOORJLFDO IRU HLWKHU DQ DQWKURSRJHQLF RU
ZHWODQG HPLVVLRQV PRGHO WR KDYH D QHW QHJDWLYH ÁX[ 7KHUHIRUH ZH FKHFN WKH HVWLPDWHG FRHIÀ
FLHQWV շˆ RQ WKH VHOHFWHG PRGHO WR HQVXUH WKH\ DUH SRVLWLYH
շˆ = (;7+7ԇ−+;)−;7+7ԇ−] %
7KLV HTXDWLRQ FDOFXODWHV WKH FRHIÀFLHQWV WKDW DUH PRVW OLNHO\ JLYHQ WKH DWPRVSKHULF GDWD ] DQG +
DQDORJRXV WR D ZHLJKWHG OHDVW VTXDUHV UHJUHVVLRQ
% (VWLPDWLRQ RI WKH SRVWHULRU ÁX[HV
$ VWDQGDUG DWPRVSKHULF LQYHUVLRQ VHWXS ZLOO PLQLPL]H WKH FRVW IXQFWLRQ EXW LV REOLYLRXV WR DQ\
NQRZQ SK\VLFDO ERXQGV RQ WKH HPLVVLRQV +RZHYHU ODUJH QHJDWLYH PHWKDQH ÁX[HV ZRXOG EH
XQUHDOLVWLF PHWKDQH KDV D VPDOO VRLO VLQN ∼ RI WKH JOREDO VLQN DQG RQO\ ∼ RI WKH JOREDO
DWPRVSKHULF PHWKDQH ORVV RFFXUV LQ ERUHDO VRLOV 'XWDXU 	 9HUFKRW  +HQFH ZH DVVXPH
WKDW DOO ÁX[HV HVWLPDWHG E\ WKH LQYHUVLRQ VKRXOG EH QRQQHJDWLYH 2I IXUWKHU FRQFHUQ XQUHDOLVWLF
QHJDWLYH ÁX[HV FDQ H[DJJHUDWH VRXUFH VWUHQJWK LQ DGMDFHQW KLJK HPLVVLRQV UHJLRQV 0LOOHU HW DO
F :H LPSOHPHQW QRQQHJDWLYLW\ LQ WKH LQYHUVLRQ ZLWK /DJUDQJH PXOWLSOLHUV YLD DQ LWHUDWLYH
WUXVW UHJLRQ DOJRULWKP 7KH FRPSDQLRQ SDSHU 0LOOHU HW DO F GHVFULEHV WKLV DSSURDFK LQ GH
WDLO

% 8QFHUWDLQWLHV LQ WKH ÁX[ HVWLPDWH
7KH SRVWHULRU HUURU FRYDULDQFH PDWULFHV SURYLGHV D PHDVXUH RI XQFHUWDLQW\ LQ ERWK WKH HVWLPDWHG
ÁX[HV ˆV DQG FRHIÀFLHQWV շˆ HJ 0LFKDODN HW DO 
⎡⎢⎣9Vˆ 9Vˆշˆ
9շˆVˆ 9շˆ
⎤⎥⎦ =
⎡⎢⎣4− ++75−+ 4−;
;74− ;74−;
⎤⎥⎦
−
%
0LFKDODN HW DO  DQG 0LOOHU HW DO F GLVFXVVHV SRVWHULRU FRYDULDQFHV LQ JUHDWHU GHWDLO
DQG WKH IRUPHU SDSHU LQFOXGHV DQ DOWHUQDWLYH IRUPXODWLRQ RI (T % WKDW GRHV QRW UHTXLUH FDOFX
ODWLQJ WKH LQYHUVH RI 4
,Q WKLV SDSHU ZH XVH WKH SRVWHULRU FRYDULDQFH PDWULFHV WR FDOFXODWH DOO XQFHUWDLQW\ HVWLPDWHV
7KH YDULDQFHV DQG FRYDULDQFHV RI WKH HVWLPDWHG ÁX[HV ˆV DFFRXQW IRU XQFHUWDLQWLHV LQ WKH GULIW
FRHIÀFLHQWV DQG LQ WKH VWRFKDVWLF FRPSRQHQW RI WKH HPLVVLRQV DQG WKH\ DFFRXQW IRU XQFHUWDLQW\
GXH WR UDQGRPO\GLVWULEXWHG PRGHOGDWD PLVPDWFK HUURUV 1RWH WKDW WKH XQFHUWDLQWLHV OLVWHG IRU
WKH FRHIÀFLHQWV DQG SRVWHULRU ÁX[HV LQ WKLV VWXG\ DUH ֆ XQOHVV RWKHUZLVH QRWHG
2I QRWH H[LVWLQJ VWDWLVWLFDO LQYHUVLRQV FDQQRW H[SOLFLWO\ DFFRXQW IRU PRGHOGDWD PLVPDWFK HU
URUV WKDW SURGXFH RYHUDOO ELDV HJ ELDVHG PL[HG OD\HU KHLJKWV RU ELDVHG ERXQGDU\ FRQGLWLRQ
HVWLPDWHV 7KH FRQVLVWHQF\ EHWZHHQ 67,/7EDVHG ÁX[ HVWLPDWHV DQG RWKHU PRGHO VWXGLHV 6HFWLRQ
% LPSOLHV DQ DEVHQFH RI ODUJH RU ÁDJUDQW V\VWHPDWLF HUURUV LQ :5)67,/7
)XUWKHUPRUH WKH SRVWHULRU FRYDULDQFHV GR QRW DFFRXQW IRU DQ\ XQFHUWDLQW\ LQ WKH FKRLFH RI FR
YDULDWHV IRU WKH GHWHUPLQLVWLF PRGHO ,I WKHUH ZHUH PDQ\ SODXVLEOH FDQGLGDWH PRGHOV IRU ; DOO
ZLWK VLPLODU %,& VFRUHV WKLV FRXOG EH DQ LPSRUWDQW FRPSRQHQW RI WKH XQFHUWDLQW\ LQ WKH ÁX[ HV
WLPDWH ,Q WKLV VWXG\ PRVW FDQGLGDWH PRGHOV KDYH %,& VFRUHV WKDW DUH PRUH WKDQ  SRLQWV DERYH
WKH RSWLPDO PRGHO 7KLV LQGLFDWHV D ¶YHU\ VWURQJ· OHYHO RI HYLGHQFH DJDLQVW WKRVH PRGHOV VHH VHF
WLRQ  LQ WKH PDLQ DUWLFOH DQG .DVV 	 5DIWHU\  $ QRWDEOH H[FHSWLRQ LV WKH GHFLVLRQ WR

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a) σ
ŝ
  (for 2-year mean fluxes)
b) [ σQ - σŝ ] 
μmol m-2 s-1
)LJXUH % D 8QFHUWDLQW\ LQ WKH SRVWHULRU HVWLPDWH ֆVˆ E 7KH UHGXFWLRQ LQ XQFHUWDLQW\ UHODWLYH WR WKH
SULRU HVWLPDWH ֆ4 − ֆVˆ 1RWH WKDW WKHVH XQFHUWDLQWLHV GHFUHDVH RYHU LQFUHDVLQJ VSDWLDO VFDOHV 0DWKHPDWL
FDOO\ WKLV GHFUHDVH LV GXH WR QHJDWLYH FRYDULDQFHV LQ WKH SRVWHULRU FRYDULDQFH PDWUL[
H[FOXGH VRLO FDUERQ IURP WKH GHWHUPLQLVWLF PRGHO 7KH HYLGHQFH DJDLQVW LQFOXGLQJ VRLO FDUERQ LV
¶SRVLWLYH· EXW QRW ¶VWURQJ· RU ¶YHU\ VWURQJ· ,Q RWKHU ZRUGV WKH SRVVLELOLW\ RI LQFOXGLQJ VRLO FDU
ERQ ZLWKLQ ; DQG LWV HIIHFW RQ WKH ÀQDO ÁX[ HVWLPDWH ˆV LV D VRXUFH RI XQFHUWDLQW\ QRW H[SOLFLWO\
UHÁHFWHG LQ WKH SRVWHULRU FRYDULDQFH PDWULFHV 7KH FKRLFH RI FRYDULDWH RYHU $OEHUWD UHSUHVHQWV
DQ DGGLWLRQDO SRVVLEOH XQFHUWDLQW\ :H XVH D VHW RI VPRRWK IXQFWLRQV WR GHVFULEH DQWKURSRJHQLF
HPLVVLRQV RYHU $OEHUWD 6HFWLRQ % :H FRXOG QRW ÀQG D VSDWLDO SDWWHUQ WKDW ÀW WKH DWPRVSKHULF
PHWKDQH GDWD PRUH DGHSWO\ +RZHYHU D EHWWHU VSDWLDO SUHGLFWRU RI $OEHUWD HPLVVLRQV FRXOG H[LVW
)LJXUH %D GLVSOD\V D PDS RI WKH SRVWHULRU XQFHUWDLQW\ GHQRWHG ֆVˆ DQG )LJ %E GLVSOD\V WKH
FRUUHVSRQGLQJ GHFOLQH IURP WKH SULRU XQFHUWDLQWLHV ,W LV LPSRUWDQW WR QRWH WKDW WKH SRVWHULRU XQ
FHUWDLQWLHV RIWHQ GHFUHDVH H[SRQHQWLDOO\ DW LQFUHDVLQJ VSDWLDO VFDOHV HJ 0LOOHU HW DO  7KLV

GHFUHDVH RFFXUV EHFDXVH RI QHJDWLYH SRVWHULRU FRYDULDQFHV DPRQJ HPLVVLRQV SRLQWV GLVWULEXWHG
JHRJUDSKLFDOO\ ,Q RWKHU ZRUGV WKH DWPRVSKHULF GDWD GDWD PD\ SURYLGH D ZHDN FRQVWUDLQW RQ WKH
H[DFW GLVWULEXWLRQ RI HPLVVLRQV EHWZHHQ DQ\ WZR DGMDFHQW JULG ER[HV +RZHYHU WKH GDWD PD\
QRQHWKHOHVV FRQVWUDLQ UHJLRQDO DQG QDWLRQDO PHWKDQH EXGJHWV ZLWK KLJK UHODWLYH FRQÀGHQFH )RU
H[DPSOH WKH XQFHUWDLQWLHV LQ )LJ %D UHODWLYH WR WKH ÁX[ HVWLPDWH FDQ EH  EXW WKH UHODWLYH
XQFHUWDLQW\ LQ WKH WRWDO &DQDGLDQ PHWKDQH EXGJHW )LJ  RI WKH PDLQ DUWLFOH LV IDU VPDOOHU
7KH SRVWHULRU XQFHUWDLQWLHV LQGLFDWH NH\ LQIRUPDWLRQ DERXW PHWKDQH HPLVVLRQV LQ $OEHUWD
7KHVH XQFHUWDLQWLHV DW JULGVFDOH DUH FRPSDUDEOH WR WKH PDJQLWXGH RI HPLVVLRQV 7KLV UHVXOW LQ
GLFDWHV WKDW WKH SUHFLVH VSDWLDO GLVWULEXWLRQ RI WKH SRVWHULRU HPLVVLRQV RYHU $OEHUWD LV KLJKO\ XQ
FHUWDLQ 7KH LQYHUVLRQ SODFHV ODUJH HPLVVLRQV LQ 1RUWKHUQ $OEHUWD DQG QHDU WKH 5RFN\ 0RXQWDLQ
)URQW 5DQJH EXW WKLV DVVLJQPHQW LV SRRUO\ FRQVWUDLQHG E\ WKH DYDLODEOH PHWKDQH GDWD $V H[
SODLQHG DERYH WKH DWPRVSKHULF PHWKDQH GDWD EHWWHU FRQVWUDLQ UHJLRQDOVFDOH WRWDOV )RU H[DPSOH
WKH LQYHUVLRQ HVWLPDWHV D EXGJHW IRU ZHVWHUQ &DQDGD RI  ±  ZHVW RI ◦ ORQ 7KH XQFHU
WDLQWLHV LQ WKLV UHJLRQDOVFDOH WRWDO DUH VPDOO UHODWLYH WR XQFHUWDLQWLHV DW JULGVFDOH
7KH VSDWLDO GLVWULEXWLRQ RI HPLVVLRQV RYHU $OEHUWD UHPDLQV DQ LPSRUWDQW RSHQ TXHVWLRQ 7ZR
HIIRUWV LQ SDUWLFXODU FRXOG UHGXFH WKHVH XQFHUWDLQWLHV LQ IXWXUH HVWLPDWHV )LUVW H[SDQVLRQ RI
WKH (QYLURQPHQW &DQDGD PHDVXUHPHQW QHWZRUN ZLOO SURYLGH VWURQJHU FRQVWUDLQWV RQ ERWK WKH
PDJQLWXGH DQG VSDWLDO GLVWULEXWLRQ RI HPLVVLRQV 7KH  QHWZRUN LQFOXGHV PHWKDQH PHDVXUH
PHQWV DW $EERWVIRUG %ULWLVK &ROXPELD (VWKHU $OEHUWD )RUW 0F.D\ $OEHUWD DQG %UDWW·V /DNH
6DVNDWFKHZDQ LQ DGGLWLRQ WR WKH VLWHV XVHG LQ WKLV VWXG\ 6HFRQG WRSGRZQ HPLVVLRQV HVWLPDWHV
ZRXOG EHQHÀW IURP DFFXUDWH GHWDLOHG PDSV RI VSDWLDO SURFHVVHV UHODWHG WR PHWKDQH HPLVVLRQV
7KHVH PDSV FRXOG EH XVHG WR FRQVWUXFW D PRUH FDSDEOH GHWHUPLQLVWLF PRGHO 7KH EHWWHU WKH GHWHU
PLQLVWLF PRGHO GHVFULEHV WKH DWPRVSKHULF PHWKDQH PHDVXUHPHQWV WKH VPDOOHU WKH YDULDQFH RI WKH
VWRFKDVWLF FRPSRQHQW DQG WKH VPDOOHU WKH SRVWHULRU YDULDQFHV DQG XQFHUWDLQWLHV

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)LJXUH % (QYLURQPHQWDO GDWDVHWV WHVWHG IRU WKH GHWHUPLQLVWLF PRGHO 7DEOH  LQ WKH PDLQ DUWLFOH 1$55
DQG :5) SORWV DUH DQQXDO DYHUDJHV
% 'HWDLOHG FRPSDULVRQ RI ELRJHRFKHPLFDO PRGHO GULYHUV
7KLV VHFWLRQ SURYLGHV YLVXDO FRPSDULVRQ RI WKH ZHWODQGUHODWHG HQYLURQPHQWDO GDWDVHWV WKDW DUH
XVHG LQ .DSODQ '/(0 DQG WKH GHWHUPLQLVWLF PRGHO
)LJXUH % FRPSDUHV DOO RI WKH ZHWODQGUHODWHG YDULDEOHV WKDW DUH OLVWHG LQ 7DEOH  RI WKH PDLQ
DUWLFOH 7KH WRS SDQHOV GLVSOD\ VRLO PRLVWXUH DQG WHPSHUDWXUH HVWLPDWHV IURP :5) DQG 1$55
7KHVH PHWHRURORJLHV DUH VLPLODU IRU WZR UHDVRQV 1$55 VHUYHV DV WKH LQLWLDO FRQGLWLRQ IRU WKH
:5) UXQV DQG ERWK 1$55 DQG :5) XVH WKH 1RDK ODQG VXUIDFH PRGHO 7KH 1RDK PRGHO LV GH

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15%      25%      35%
Soil moisture (frozen + liquid)     Unfrozen soil moisture     Soil temperature
270       280      290
Kelvin% of soil occupied
Apr./May                Apr./May                     Apr./May
Jul./Aug.                        Jul./Aug.                    Jul./Aug.
Oct./Nov.                        Oct./Nov.                     Oct./Nov.
−140 −120 −100 −80 −60 −140 −120 −100 −80 −60
)LJXUH % 6RLO YDULDEOHV IURP 1$55 IRU VHOHFWHG PRQWKV RI WKH \HDU DYHUDJHG RYHU  ² 
VFULEHG LQ D PXOWLWXGH RI SXEOLFDWLRQV DQG D OLVW RI UHOHYDQW UHIHUHQFHV LV DYDLODEOH LQ (N HW DO
 DQG 1LX HW DO  )LJ % IXUWKHU LOOXVWUDWHV WKH VRLO YDULDEOHV E\ VHDVRQ LQ WKLV FDVH
IRU 1$55 7RWDO VRLO PRLVWXUH SHDNV LQ VSULQJ DQG GHFOLQHV LQWR WKH VXPPHU 7HPSRUDO SDWWHUQV
LQ XQIUR]HQ VRLO PRLVWXUH E\ FRQWUDVW DUH GRPLQDWHG E\ WKH VHDVRQDO IUHH]HWKDZ F\FOH
,W LV LPSRUWDQW WR QRWH WKDW WKH 1$55 DQG :5) RXWSXWV XVHG KHUH DUH FRQVWUDLQHG E\ PHWHR
URORJLFDO REVHUYDWLRQV )RU H[DPSOH WKH 1$55 PRGHOGDWD DVVLPLODWLRQ IUDPHZRUN DGMXVWV ODQG
VXUIDFH PRGHO RXWSXW DW HDFK WLPH VWHS WR PDWFK DYDLODEOH PHWHRURORJLFDO REVHUYDWLRQV LQFOXG
LQJ WHPSHUDWXUH DQG SUHFLSLWDWLRQ 0HVLQJHU HW DO  SURYLGH D VXFFLQFW RYHUYLHZ RI 1$55
DQG YLVXDOO\ FRPSDUH SUHFLSLWDWLRQ PHDVXUHPHQWV DJDLQVW 1$55 HVWLPDWHV 7KH :5) UXQV LQ
FRQWUDVW DUH UHLQLWLDWHG DW UHJXODU LQWHUYDOV ZLWK LQLWLDO FRQGLWLRQV IURP 1$55 7KH :5) UXQV
GR QRW DVVLPLODWH PHWHRURORJLFDO REVHUYDWLRQV GLUHFWO\ EXW WKLV VHWXS HQVXUHV WKDW WKH :5) UXQV
FDQQRW VWUD\ IDU IURP WKH DYDLODEOH PHWHRURORJLFDO GDWD
6XEVHTXHQW SDQHOV RI )LJ % GLVSOD\ WKH ZHWODQG DQG VRLO FDUERQ HVWLPDWHV :HWODQG HVWL
PDWHV LQFOXGH RXWSXW IURP WKH /3- PRGHO DQG *,(06 *,(06 LV D PRQWKO\UHVROXWLRQ VDWHOOLWH

SURGXFW WKDW HVWLPDWHV JOREDO VXUIDFH ZDWHU 3ULJHQW HW DO  3DSD HW DO  ,Q WKLV VWXG\
ZH XVH ORQJ WHUP VXPPHUDYHUDJHG VXUIDFH ZDWHU IURP *,(06 DV D ZHWODQG SUR[\ ²
DYHUDJHG RYHU -XO\²6HSWHPEHU $V GLVFXVVHG LQ 0HOWRQ HW DO E VXUIDFH ZDWHU PD\ QRW
QHFHVVDULO\ EH DQ LGHDO SUR[\ IRU ZHWODQGV $PRQJ RWKHU LVVXHV WKLV SUR[\ ZRXOG XQGHUHVWLPDWH
ZHWODQGV WKDW KROG WKH PDMRULW\ RI ZDWHU LQ WKH VXEVXUIDFH )RU WKLV DQG RWKHU SRVVLEOH UHDVRQV
*,(06 DQG WKH /3- PRGHO KDYH GLIIHUHQW VSDWLDO GLVWULEXWLRQV )RU H[DPSOH *,(06 HVWLPDWHV
KLJK VXUIDFH ZDWHU RYHU QRUWKHUQ 4XHEHF ZKLOH WKH /3- ZHWODQG HVWLPDWH LV ODUJHO\ UHVWULFWHG WR
WKH +%/ DQG *UHDW 6ODYH /DNH UHJLRQV
7KH ERWWRP SDQHOV RI )LJ % YLVXDOL]H WKH VRLO FDUERQ HVWLPDWHV DQG WKHVH HVWLPDWHV H[KLELW
YHU\ GLIIHUHQW VSDWLDO GLVWULEXWLRQV 7KH /3- VRLO FDUERQ HVWLPDWH FRUUHODWHV FORVHO\ ZLWK ODWLWXGH
1RWH WKDW WKLV HVWLPDWH LV PXOWLSOLHG E\ D IDFWRU RI  EHIRUH LW LV XVHG LQ WKH .DSODQ PRGHO LQ
RUGHU WR PDWFK WKH /3- LQSXWV XVHG LQ 3LFNHWW+HDSV HW DO  UHIHU WR VHFWLRQ  RI WKH PDLQ
DUWLFOH 7KH 1&6&' VRLO FDUERQ HVWLPDWH 7DUQRFDL HW DO  +XJHOLXV HW DO  LQ FRQWUDVW
KDV D VSDWLDO GLVWULEXWLRQ PRUH VLPLODU WR WKH /3- ZHWODQG HVWLPDWH 1&6&' QRWDEO\ RQO\ HVWL
PDWHV VRLO FDUERQ LQ SHUPDIURVW UHJLRQV
7KH GHWHUPLQLVWLF PRGHO GHVFULEHG LQ WKH PDLQ DUWLFOH VHFWLRQ  H[FOXGHV DQ\ HVWLPDWH RI
VRLO FDUERQ 7KLV IHDWXUH PD\ EH UHFRQFLODEOH ZLWK H[LVWLQJ PHWKDQH PRGHOV 2QH PLJKW H[SHFW
ZHWODQG ORFDWLRQ WR FRUUHODWH ZLWK VRLO FDUERQ VR ERWK HQYLURQPHQWDO GDWDVHWV PD\ QRW EH VWULFWO\
QHFHVVDU\ LQ D ZHWODQG ÁX[ PRGHO ,Q WKH 1RUWKHUQ &LUFXPSRODU &DUERQ 'DWDEDVH 7DUQRFDL
HW DO  IRU H[DPSOH ZHW SHDWODQG VRLOV KLVWHOV DQG KLVWRVROV KDYH WKH KLJKHVW FDUERQ GHQ
VLW\ RI DQ\ VRLO W\SH E\ D IDFWRU RI  ²  2WKHU HQYLURQPHQWDO IDFWRUV PD\ FRPSOLFDWH WKLV FRU
UHODWLRQ EHWZHHQ WKH ZHWODQG GLVWULEXWLRQ DQG VRLO FDUERQ ERWK WKH W\SH RI SODQW FDUERQ DQG DJH
VLQFH GHSRVLWLRQ FDQ DIIHFW WKH UDWH RI PHWKDQH SURGXFWLRQ &KDQWRQ HW DO  %ULGJKDP HW DO
 +RZHYHU H[LVWLQJ VRLO FDUERQ GDWDVHWV GLVDJUHH HYHQ RQ WKH FRQWLQHQWDOVFDOH GLVWULEXWLRQ
RI VRLO FDUERQ VR LW LV GRXEWIXO WKDW DQ H[LVWLQJ GDWDVHW ZRXOG FDSWXUH PRUH VXEWOH IHDWXUHV RU HI

μmol m-2 s-1
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)LJXUH % 7KH ('*$5 Y DQWKURSRJHQLF PHWKDQH HPLVVLRQV LQYHQWRU\
IHFWV )XUWKHUPRUH VHYHUDO FKDPEHU VWXGLHV DUJXH WKDW PHWKDQH ÁX[HV FRUUHODWH PRUH VWURQJO\
ZLWK RWKHU HQYLURQPHQWDO IDFWRUV WKDQ ZLWK VRLO FDUERQ 3UDWHU HW DO  2OHIHOGW HW DO 
% $QWKURSRJHQLF PHWKDQH HVWLPDWHV
)LJXUH % GLVSOD\V WKH ('*$5 YHUVLRQ  LQYHQWRU\ RYHU &DQDGD ,Q WKH ÀJXUH WKH LQYHQWRU\
LV UHJULGGHG WR D ◦ ODW E\ ◦ ORQ UHVROXWLRQ IRU HDVLHU YLVXDO FRPSDULVRQ ZLWK WKH LQYHUVLRQ UH
VXOWV LQ WKLV VWXG\
:H XVH DQ DOWHUQDWLYH IRUPXODWLRQ RI DQWKURSRJHQLF VRXUFHV LQ WKH GHWHUPLQLVWLF PRGHO 6SHFLI
LFDOO\ ZH SODFH VPRRWK WULFXEH IXQFWLRQV RYHU DQWKURSRJHQLF VRXUFH UHJLRQV )LJ %
I(GL, U) =
(
−
(
GL
U
))
%
GL =
√
(ODWLWXGHL − ODWLWXGHF) + (ORQJLWXGHL − ORQJLWXGHF) %
ZKHUH I() LV WKH WULFXEH IXQFWLRQ GL LV WKH ODWLWXGHORQJLWXGH GLVWDQFH EHWZHHQ ORFDWLRQ L DQG WKH
FHQWHU F RI WKH IXQFWLRQ %RWK WKH IXQFWLRQ FHQWHU F DQG UDGLXV U DUH GHÀQHG E\ WKH PRGHOHU
:H GHÀQH WKH GLVWDQFH GL LQ WHUPV RI ODWLWXGH DQG ORQJLWXGH LQVWHDG RI JUHDW FLUFOH GLVWDQFH LQ

ï ï ï ï ï
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)LJXUH % 7KH VHW RI VPRRWK WULFXEH IXQFWLRQV XVHG DV D FRPSRQHQW RI WKH GHWHUPLQLVWLF PRGHO ;շ
,Q WKLV SORW WKH IXQFWLRQV DUH VFDOHG E\ D FRHIÀFLHQW HVWLPDWHG IURP WKH DWPRVSKHULF PHWKDQH GDWD շˆ
VHFWLRQ  RI WKH PDLQ DUWLFOH 1RWH WKDW WKH &DQDGLDQ REVHUYDWLRQ QHWZRUN LV QRW VHQVLWLYH WR PHWKDQH
HPLVVLRQV RYHU PRVW RI WKH FRQWLQHQWDO 86 HJ )LJ % ,QVWHDG UHIHU WR .RUW HW DO   RU 0LOOHU
HW DO  IRU WRSGRZQ DQDO\VLV RI 86 PHWKDQH HPLVVLRQV
RUGHU WR EHWWHU ÀW WKH VKDSH RI DQWKURSRJHQLF VRXUFH UHJLRQV 0RVW ODUJH DQWKURSRJHQLF VRXUFH
UHJLRQV LQ 1RUWK $PHULFD VSDQ ORQJHU QRUWKVRXWK GLVWDQFHV WKDQ HDVWZHVW HJ WKH 86 (DVWHUQ
6HDERDUG &DOLIRUQLD &HQWUDO 9DOOH\ DQG UHVRXUFH H[WUDFWLRQ UHJLRQV RI $OEHUWD 7R WKLV HQG (T
% DSSUR[LPDWHV DQWKURSRJHQLF VRXUFH UHJLRQV RYHU 1RUWK $PHULFD ZLWK DQ HOOLSVH WKDW KDV
EHHQ HORQJDWHG LQ WKH QRUWKVRXWK GLUHFWLRQ
:H WHVW PXOWLSOH WULFXEH IXQFWLRQV ZLWK GLIIHUHQW FHQWHUV F DQG UDGLL U DQG FKRRVH WKH FRPEL
QDWLRQ RI IXQFWLRQV WKDW SURGXFH WKH ORZHVW %,& VFRUH 7KH IXQFWLRQV FKRVHQ IRU XVH LQ WKH GHWHU
PLQLVWLF PRGHO DUH FHQWHUHG RYHU $OEHUWD ◦ ODW ◦ ORQ WKH VRXWKHUQ *UHDW 3ODLQV ◦ ODW
◦ ORQ WKH 86 (DVW &RDVW ◦ ODW ◦ ORQ DQG &DOLIRUQLD ◦ ODW ◦ ORQ )LJ %
% &RPSDULVRQ ZLWK SUHYLRXV REVHUYDWLRQDO VWXGLHV
7KH +%/ PHWKDQH EXGJHW HVWLPDWHG LQ WKLV SDSHU LV KLJKHU WKDQ WZR SUHYLRXV REVHUYDWLRQDO
VWXGLHV 5RXOHW HW DO  DQG :RUWK\ HW DO  6HYHUDO IDFWRUV PD\ H[SODLQ WKLV GLIIHUHQFH
5RXOHW HW DO  H[WUDSRODWHG D ÁX[ HVWLPDWH XVLQJ JURXQGEDVHG PHDVXUHPHQW VLWHV DW WKH

QRUWK DQG VRXWK HQGV RI WKH +%/ 7KH DXWKRUV PD\ KDYH PLVVHG ODUJHU HPLVVLRQV LQ WKH FHQWUDO
+%/ OHDGLQJ WR D SRVVLEOH XQGHUHVWLPDWH IRU WKH UHJLRQ 7KLV SRLQW LV DOVR GLVFXVVHG LQ 3LFNHWW
+HDSV HW DO  :RUWK\ HW DO  XVHG )UDVHUGDOH )6' REVHUYDWLRQV DQG D ER[ PRGHO
ZLWK VSDWLDOO\XQLIRUP ÁX[ WR HVWLPDWH DQ +%/ EXGJHW 7KHLU EXGJHW HVWLPDWHG XVLQJ DWPR
VSKHULF GDWD GHSHQGV RQ WKH SUHVXPHG GLVWULEXWLRQ RI WKH ÁX[HV )RU H[DPSOH D PRGHVW VRXUFH
QHDU WKH WRZHU VLWH RU D PXFK ODUJHU VRXUFH LQ PRUH GLVWDQW UHJLRQV FRXOG SURGXFH VLPLODU PRG
HOHG FRQFHQWUDWLRQV DW )UDVHUGDOH 2XU VWXG\ RYHUFRPHV WKLV GLVWULEXWLRQDO FKDOOHQJH E\ XVLQJ
PXOWLSOH WRZHU VLWHV DQG E\ OHYHUDJLQJ H[LVWLQJ HQYLURQPHQWDO GDWDVHWV UHOHYDQW WR WKH GLVWULEX
WLRQ RI ZHWODQG ÁX[HV

&6XSSOHPHQWDO PDWHULDO IRU FKDSWHU 
7KLV VXSSOHPHQW SURYLGHV PRUH GHWDLO RQ WKH DWPRVSKHULF REVHUYDWLRQV WKH ZHWODQG PHWKDQH
ÁX[ HVWLPDWHV DQG WKH VWDWLVWLFDO PHWKRGV XVHG WKURXJKRXW WKH SDSHU
& $WPRVSKHULF REVHUYDWLRQ VLWHV
+HUH ZH GHVFULEH LQ JUHDWHU GHSWK WKH DWPRVSKHULF PHWKDQH REVHUYDWLRQV FROOHFWHG DFURVV WKH
86 DQG &DQDGD LQ ² 7KH PHWKDQH DQDO\VLV LQ WKH PDLQ DUWLFOH OHYHUDJHV  WRWDO
PHWKDQH REVHUYDWLRQV 2I WKRVH PHDVXUHPHQWV  DUH IURP REVHUYDWLRQ WRZHUV LQ &DQDGD
7KHVH WRZHUV IURP HDVW WR ZHVW LQFOXGH &KLERXJDPDX 4XHEHF &+0 ◦1 ◦: P DERYH
JURXQG OHYHO )UDVHUGDOH 2QWDULR )6' ◦1 ◦: P DJO (DVW 7URXW /DNH 6DVNDWFKHZDQ
(7/ ◦1 ◦: P DJO DQG &DQGOH /DNH 6DVNDWFKHZDQ &'/ ◦1 ◦: P DJO
 RQO\ 7KHVH VLWHV RSHUDWHG E\ (QYLURQPHQW &DQDGD PHDVXUH PHWKDQH FRQWLQXRXVO\ ,Q
WKLV VWXG\ DV LQ 0LOOHU HW DO F ZH XVH RQO\ DIWHUQRRQ DYHUDJHV RI WKH PHWKDQH GDWD DQG
:5)67,/7 PRGHO RXWSXW SP  SP ORFDO WLPH VPDOO VFDOH KHWHURJHQHLWLHV LQ WKH FRQWLQXRXV
GDWD FDXVHG E\ WXUEXOHQW HGGLHV DQG LQFRPSOHWH PL[LQJ PDNH LW GLIÀFXOW WR PRGHO ÀQHU VFDOH

WHPSRUDO SDWWHUQV LQ WKH GDWD 7KH  REVHUYDWLRQV DW WKHVH &DQDGLDQ VLWHV UHSUHVHQW WKH WRWDO
DIWHU DYHUDJLQJ
$Q DGGLWLRQDO  PHWKDQH REVHUYDWLRQV ZHUH FROOHFWHG IURP 1DWLRQDO 2FHDQLF DQG $WPR
VSKHULF $GPLQLVWUDWLRQ 12$$ WRZHUV DFURVV WKH 8QLWHG 6WDWHV 7KHVH REVHUYDWLRQV LQFOXGH
GDLO\ ÁDVN VDPSOHV IURP WKH 12$$ WDOO WRZHU QHWZRUN ZHHNO\ DW $UJ\OH DQG 3RQFD &LW\ $U
J\OH 0DLQH $07  ◦1  ◦: P DERYH JURXQG OHYHO DJO (ULH &RORUDGR %$2  ◦1
◦: P DJO 3DUN )DOOV :LVFRQVLQ /() ◦1 ◦: P DJO 0DUWKD·V 9LQH\DUG 0DV
VDFKXVHWWV 09< ◦1 ◦: P DJO 1LZRW 5LGJH DQG 1LZRW )RUHVW &RORUDGR 1:) 1:5
◦1 ◦: P DJO 3RQFD &LW\ 2NODKRPD 6*3 ◦1 ◦: P DJO :HVW %UDQFK
,RZD :%, ◦1 ◦: P DJO :DOQXW *URYH &DOLIRUQLD :*& ◦1 ◦: P DJO DQG
0RRG\ 7H[DV :.7 ◦1 ◦:  P DJO
$ IXUWKHU  PHWKDQH PHDVXUHPHQWV ZHUH REWDLQHG IURP ÁDVN VDPSOHV RQ UHJXODU 12$$
DLUFUDIW ÁLJKWV DQG IURP WKH 67$57 6WUDWRVSKHUH7URSRVSKHUH $QDO\VHV RI 5HJLRQDO 7UDQVSRUW
 PHDVXUHPHQW FDPSDLJQ 3DQ HW DO  $V LQ 0LOOHU HW DO  ZH RQO\ XVH DLUFUDIW
REVHUYDWLRQV XS WR P DERYH JURXQG OHYHO 2EVHUYDWLRQV DW KLJKHU DOWLWXGHV DUH OHVV VHQVL
WLYH WR VXUIDFH HPLVVLRQV DQG ZHUH LQVWHDG XVHG E\ 0LOOHU HW DO  WR RSWLPL]H WKH HPSLULFDO
PHWKDQH ERXQGDU\ FRQGLWLRQ ,Q WKLV VWXG\ ZH RQO\ XVH DLUFUDIW DQG WRZHUEDVHG REVHUYDWLRQV
FROOHFWHG GXULQJ GD\WLPH KRXUV
:H IXUWKHU VFUHHQ WKH GDWD IRU ELRPDVV EXUQLQJ LQÁXHQFH DW WKH &DQDGLDQ VLWHV DQG DW 3DUN
)DOOV :LVFRQVLQ $W WKH WKHVH VLWHV ZH UHPRYH DOO GD\V ZLWK &2 WKDW SHDNV DERYH  SSE DV
ZDV GRQH LQ 0LOOHU HW DO F :KHQ WKHVH VLWHV VHH LQÁXHQFH IURP GLVWDQW DQWKURSRJHQLF
HPLVVLRQV &2 LV RIWHQ HOHYDWHG EXW LW UDUHO\ H[FHHGV  SSE H[FHSW GXULQJ WLPH SHULRGV ZLWK
NQRZQ ÀUHV 0LOOHU HW DO 

& :(7&+,03 PHWKDQH ÁX[ PRGHOV
7KLV VHFWLRQ RI WKH VXSSOHPHQW GHWDLOV WKH :(7&+,03 PHWKDQH HVWLPDWHV IURP 0HOWRQ HW DO
D DQG :DQLD HW DO  7KH VHYHQ PHWKDQH HVWLPDWHV XVHG LQ WKLV VWXG\ DUH VKRZQ LQ )LJ
& 7KH ZHWODQG PHWKDQH ÁX[HV HVWLPDWHG E\ WKHVH PRGHOV YDULHV ZLGHO\ ² ERWK LQ PDJQLWXGH
DQG LQ VSDWLDO GLVWULEXWLRQ )RU H[DPSOH WKH 6'*90PRGHO SODFHV ODUJH ÁX[HV RYHU WKH 86 &RUQ
%HOW UHODWLYH WR RWKHU UHJLRQV ZKLOH RWKHU PRGHOV OLNH 2UFKLGHH SODFH ODUJH ÁX[HV LQ 1RUWKHUQ
&DQDGD WKDW H[WHQW IDU LQWR WKH 1RUWKZHVW 7HUULWRULHV )RU D PRUH LQGHSWK LQWHUFRPSDULVRQ RI
WKHVH ÁX[ HVWLPDWHV UHIHU WR 0HOWRQ HW DO D DQG :DQLD HW DO 
& 7KH V\QWKHWLF GDWD
,Q WKH PDLQ DUWLFOH ZH XVH V\QWKHWLF DWPRVSKHULF PHWKDQH GDWD WR H[SORUH WKH VHQVLWLYLW\ RI DW
PRVSKHULF REVHUYDWLRQV WR ZHWODQG ÁX[HV VHFWLRQV  DQG  7KLV VHFWLRQ GHVFULEHV LQ JUHDWHU
GHWDLO KRZ ZH FRQVWUXFW WKLV V\QWKHWLF GDWD 7KH V\QWKHWLF REVHUYDWLRQV LQFOXGH FRQWULEXWLRQV
IURP DQWKURSRJHQLF VRXUFHV IURP ZHWODQGV DQG IURP VLPXODWHG PRGHO DQG PHDVXUHPHQW HU
URUV
]V\QWKHWLF = +(VDQWKUR + VZHWODQG) + պ &
,Q WKLV HTXDWLRQ ]V\QWKHWLF Q ×  UHSUHVHQWV WKH V\QWKHWLF REVHUYDWLRQV JHQHUDWHG IRU DQ REVHUYD
WLRQ VLWH 7KH YHFWRU VDQWKUR P ×  UHSUHVHQWV HPLVVLRQV IURP DQWKURSRJHQLF VRXUFHV DQG VZHWODQG
P ×  UHSUHVHQWV ZHWODQG ÁX[HV 7KH IRRWSULQW RU VHQVLWLYLW\ PDWUL[ + Q × P JHQHUDWHG IURP
:5)67,/7 PRGHOV WKH LPSDFW RI WKHVH HPLVVLRQV DW WKH REVHUYDWLRQ VLWHV
,Q WKLV VWXG\ ZH XVH WKH D SULRUL DQWKURSRJHQLF HPLVVLRQV HVWLPDWHV IURP 0LOOHU HW DO 
DQG 0LOOHU HW DO F IRU VDQWKUR 7KRVH VWXGLHV XVHG DFWLYLW\ GDWD IURP WKH ('*$5 LQYHQWRU\
DQG D PRGHO VHOHFWLRQ IUDPHZRUN WR FRQVWUXFW D SULRU DQWKURSRJHQLF HPLVVLRQV HVWLPDWH 7KHVH
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10-2ѥmol m-2 s-1
a) CLM4Me               e) LPJ-WSL
b) DLEM               f) Orchidee
c) LPJ-Bern               g) SDGVM
d) LPJ-WHyMe               
)LJXUH & $QQXDO PHDQ ZHWODQG PHWKDQH ÁX[HV IURP VHYHQ GLIIHUHQW :(7&+,03 HVWLPDWHV 0HOWRQ
HW DO D :DQLD HW DO  7KH ÁX[HV VKRZQ KHUH DUH DYHUDJHG RYHU WKH  VWXG\ SHULRG
1RWH WKDW WKH ÁX[HV VKRZQ DERYH DUH DYHUDJHG RYHU WKH HQWLUH JULG FHOO QRW SHU P RI ZHWODQGV

('*$5 DFWLYLW\ GDWDVHWV LQFOXGH HFRQRPLF RU GHPRJUDSKLF GDWD WKDW PD\ SUHGLFW WKH VSDWLDO
GLVWULEXWLRQ RI PHWKDQH HPLVVLRQV HJ KXPDQ RU UXPLQDQW SRSXODWLRQ PDSV
7KH ZHWODQG ÁX[HV VZHWODQG LQ (T & DUH WDNHQ IURP WKH :(7&+,03 PHWKDQH ÁX[ PRG
HOV H[SHULPHQW WZR LQ 0HOWRQ HW DO D :H XVH RQO\ IRXU RI WKH VHYHQ :(7&+,03 PRG
HOV WR JHQHUDWH V\QWKHWLF GDWD &/00H '/(0 /3-:6/ DQG 6'*90 7KHVH PRGHOV KDYH
DQ RYHUDOO PDJQLWXGH WKDW PRVW FORVHO\ PDWFKHV WKH PHWKDQH EXGJHWV HVWLPDWHG E\ WKUHH UHFHQW
WRSGRZQ VWXGLHV RYHU &DQDGD·V +XGVRQ %D\ /RZODQGV 3LFNHWW+HDSV HW DO  0LOOHU HW DO
F :HFKW HW DO  7KH PDJQLWXGH RI WKHVH IRXU PRGHOV LV OLNHO\ WKH PRVW UHDOLVWLF DPRQJ
WKH :(7&+,03 ÁX[ HVWLPDWHV 7KH RWKHU :(7&+,03 PRGHOV LQ FRQWUDVW SUHGLFW PXFK KLJKHU
ÁX[HV )LJ 
$V LQ 0LOOHU HW DO  DQG 0LOOHU HW DO F WKH HPLVVLRQV VDQWKUR DQG VZHWODQG DUH UHJULG
GHG WR D VSDWLDO UHVROXWLRQ RI ◦ ODWLWXGH E\ ◦ ORQJLWXGH 7KH ('*$5 DFWLYLW\ GDWD GR QRW KDYH
DQ\ VHDVRQDOLW\ VR WKH DQWKURSRJHQLF HPLVVLRQV VDQWKUR DUH VHDVRQDOO\ LQYDULDQW 7KH :(7&+,03
PRGHOV KDYH D PRQWKO\ WHPSRUDO UHVROXWLRQ DV LQ 0HOWRQ HW DO D 7KDW VWXG\ SURYLGHV
ÁX[ HVWLPDWHV IRU WKH \HDUV  ZH XVH WKH PHDQ RI WKHVH WHQ \HDUV IRU DOO DQDO\VLV LQ WKLV
VWXG\
7KH ÀQDO WHUP LQ HTXDWLRQ & պ Q ×  UHSUHVHQWV VLPXODWHG HUURUV LQ WKH PHDVXUHPHQWV LQ
:5)67,/7 DQG LQ WKH ÁX[HV VDQWKUR DQG VZHWODQG 7KH PDJQLWXGH DQG VSDWLDOWHPSRUDO VWUXF
WXUH RI WKHVH HUURUV ZHUH HVWLPDWHG LQ 0LOOHU HW DO  IRU WKH 86 DQG 0LOOHU HW DO F IRU
&DQDGD 7KH UHPDLQGHU RI WKLV VHFWLRQ GHWDLOV WKH VSHFLÀF FDOFXODWLRQV IRU VLPXODWLQJ պ
7KH HUURUV LQ պ DUH GLVWULEXWHG DFFRUGLQJ WR WKH FRYDULDQFH PDWUL[ԇ Q× Q (T 
պ ∼ N (,ԇ) &
ԇ = +4+7 + 5 &

7KH YDULDQFHV DQG FRYDULDQFHV ZLWKLQԇ IDOO LQWR WZR GLIIHUHQW FDWHJRULHV 7KH ÀUVW FDWHJRU\
DUH HUURUV GXH WR LPSHUIHFW HPLVVLRQV GHVFULEHG E\ FRYDULDQFH PDWUL[ 4 P × P ,Q DWPRVSKHULF
LQYHUVLRQ VWXGLHV WKLV PDWUL[ LV W\SLFDOO\ WHUPHG WKH D SULRUL FRYDULDQFH PDWUL[ 7KH GLDJRQDO
HOHPHQWV RI 4 GHVFULEH D VHW RI YDULDQFHV ² GLIIHUHQFHV EHWZHHQ WKH SULRU DQG WKH XQNQRZQ WUXH
HPLVVLRQV RYHU ORQJ VSDWLDO RU WHPSRUDO VFDOHV 7KH RIIGLDJRQDO HOHPHQWV RI 4 GHVFULEH DQ\ VSD
WLDO DQGRU WHPSRUDO FRYDULDQFHV LQ WKHVH GLIIHUHQFHV ,Q (T & WKH IRRWSULQW RU VHQVLWLYLW\ PD
WUL[ + SURMHFWV 4 IURP XQLWV RI ÁX[ LQWR XQLWV RI SDUWV SHU ELOOLRQ VTXDUHG SSE
:H UHIHU WR WKH VHFRQG W\SH RI HUURUV DV PRGHOGDWD PLVPDWFK HUURUV GHQRWHG E\ FRYDULDQFH
PDWUL[ 5 Q × Q 7KHVH LQFOXGH DOO HUURUV LQ WKH :5)67,/7 PRGHO RU WKH PHDVXUHPHQWV WKDW
DUH XQUHODWHG WR DQ LPSHUIHFW ÁX[ HVWLPDWH ([DPSOHV RI PRGHOGDWD PLVPDWFK HUURUV LQFOXGH
PHDVXUHPHQW HUURU DWPRVSKHULF WUDQVSRUW HUURU RU HUURUV GXH WR WKH VSDWLDO RU WHPSRUDO UHVR
OXWLRQ RI :5)67,/7 2YHU WKH 8QLWHG 6WDWHV ZH XVH YDOXHV IRU 5 DQG 4 WKDW ZHUH HVWLPDWHG E\
0LOOHU HW DO  XVLQJ :5)67,/7 DQG WKH VDPH DWPRVSKHULF PHWKDQH REVHUYDWLRQV XVHG LQ
WKLV VWXG\ 6LPLODUO\ ZH XVH YDOXHV IRU 5 DQG 4 RYHU &DQDGD WKDW ZHUH HVWLPDWHG LQ 0LOOHU HW DO
F D SDUDOOHO LQYHUVH PRGHOLQJ VWXG\ RYHU WKDW FRXQWU\
,Q RUGHU WR VLPXODWH պ ZH QH[W FRPSXWH WKH &KROHVN\ GHFRPSRVLWLRQ RIԇ
ԇ = &&7 &
7KH FRYDULDQFH PDWUL[ԇ KDV XQLWV RI SSE EXW LWV &KROHVN\ GHFRPSRVLWLRQ & KDV XQLWV RI
SSE D IDFW WKDW ZLOO EHFRPH XVHIXO LQ WKH QH[W VWHS :LWK WKLV GHFRPSRVLWLRQ LQ KDQG ZH VLPX
ODWH D VHW RI HUURUV պ HJ )DQJ HW DO  6KLJD HW DO 
պ = &X &
X ∼ N (, ) &

ZKHUH X UHSUHVHQWV D VHW RI UDQGRPO\JHQHUDWHG QXPEHUV ZLWK D PHDQ RI ]HUR DQG YDULDQFH RI
RQH
:H VLPXODWH  V\QWKHWLF GDWDVHWV IRU HDFK H[SHULPHQW WR DGHTXDWHO\ VDPSOH WKH UDQGRP
HUURUV LQ պ :H WKHQ XVH WKH PRGHO VHOHFWLRQ IUDPHZRUN WR ÀQG WKH RSWLPDO FDQGLGDWH PRGHO IRU
HDFK RI WKHVH GDWDVHWV 7KH UHVXOWV SUHVHQWHG LQ )LJ  DUH WKHUHIRUH WKH FRPSRVLWH RI WKRXVDQGV
RI PRGHO VHOHFWLRQ UXQV RQH PRGHO VHOHFWLRQ UXQ IRU HDFK V\QWKHWLF GDWDVHW :H XVH D EUDQFK DQG
ERXQG DOJRULWKP IURP <DGDY HW DO  WR LPSURYH WKH FRPSXWDWLRQDO HIÀFLHQF\ RI WKHVH PRGHO
VHOHFWLRQ UXQV )XUWKHUPRUH ZH HVWLPDWH WKH FRHIÀFLHQWV շ LQ (T  XVLQJ /DJUDQJH PXOWLSOL
HUV WR HQVXUH WKDW QRQH RI WKH HVWLPDWHG FRHIÀFLHQWV KDYH XQUHDOLVWLF QHJDWLYH YDOXHV HJ 0LOOHU
HW DO D
& 6HQVLWLYLW\ RI WKH REVHUYDWLRQ QHWZRUN WR VXUIDFH ÁX[HV
,Q WKLV VHFWLRQ ZH GHVFULEH WKH RYHUDOO VHQVLWLYLW\ RI WKH REVHUYDWLRQ QHWZRUN WR PHWKDQH ÁX[HV
7KLV VHQVLWLYLW\ ZLOO SOD\ DW OHDVW VRPH UROH LQ QHWZRUN·V DELOLW\ WR LGHQWLI\ D VLJQDO IURP ZHW
ODQGV 7KH :5)67,/7 PRGHO TXDQWLÀHV WKLV VHQVLWLYLW\ LQ WHUPV RI D IRRWSULQW (DFK URZ WKH
PDWUL[ + LV WKH IRRWSULQW DVVRFLDWHG ZLWK D GLIIHUHQW DWPRVSKHULF PHWKDQH REVHUYDWLRQ ,Q )LJ
& ZH SORW WKHVH IRRWSULQWV VXPPHG RYHU DOO RI ²
7KLV ÀJXUH VKRZ VHYHUDO GLVWLQFWLYH SDWWHUQV )LUVW WKH 86 QHWZRUN KDV D KLJKHU VHQVLWLYLW\
WKDQ WKH &DQDGLDQ QHWZRUN 7KLV SDWWHUQ LV GXH WR WKH ODUJHU QXPEHU RI REVHUYDWLRQ VLWHV RYHU
WKH 86 6HFRQG WKH KLJKHVW VHQVLWLYLWLHV DUH FOXVWHUHG LQ GLVWLQFWLYH UHJLRQV ZLWK PXOWLSOH REVHU
YDWLRQ VLWHV ² :LVFRQVLQ 7H[DV2NODKRPD DQG &DOLIRUQLD DPRQJ RWKHU UHJLRQV

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a) Canadian observation network
b) US observation network
Summed footprint
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)LJXUH & 7RWDO VXPPHG IRRWSULQW IURP WKH D &DQDGLDQ DQG E 86 REVHUYDWLRQ QHWZRUNV 7KH REVHU
YDWLRQ VLWHV LQFRUSRUDWHG LQWR WKLV ÀJXUH DUH VKRZQ LQ )LJ  (DFK LQGLYLGXDO IRRWSULQW DVVRFLDWHG ZLWK
DQ LQGLYLGXDO DWPRVSKHULF REVHUYDWLRQ KDV XQLWV RI FRQFHQWUDWLRQ SHU XQLW ÁX[ SSE SHU ܟPRO P− V−
,Q WKLV ÀJXUH ZH VXP DOO IRRWSULQWV IRU ²

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)LJXUH & 7KLV ÀJXUH GLVSOD\V WKH IUDFWLRQ RI VRLO ZDWHU WKDW LV XQIUR]HQ IRU WKH +%/ LQ GLIIHUHQW VHDVRQV
DQG DW GLIIHUHQW VRLO GHSWKV (VWLPDWHV DUH WDNHQ IURP 1$55 0HVLQJHU HW DO 
& 6RLO IUHH]HWKDZ HVWLPDWHV IURP 1$55
)LJXUH & VKRZV WKH VRLO IUHH]HWKDZ F\FOH DW GLIIHUHQW GHSWKV DFURVV WKH +XGVRQ %D\ /RZODQG
7KHVH HVWLPDWHV DUH WDNHQ IURP 1RUWK $PHULFDQ 5HJLRQDO 5HDQDO\VLV 1$55 0HVLQJHU HW DO
 DQG WKH YDOXHV VKRZQ LQ )LJ & DUH DYHUDJH YDOXHV IRU WKH +%/ LQ HDFK PRQWK 7KH PDLQ
DUWLFOH UHIHUHQFHV WKLV ÀJXUH LQ D GLVFXVVLRQ RI WKH PHWKDQH ÁX[ VHDVRQDO F\FOH 6HFW 

'6XSSOHPHQWDO PDWHULDO IRU FKDSWHU 
7KLV VXSSOHPHQW GHVFULEHV LQ JUHDWHU GHWDLO WKH PXOWLSOHWU\ 0HWURSROLV+DVWLQJV DOJRULWKP DQG
WKH *LEEV VDPSOHU LPSOHPHQWDWLRQ
' ([LVWLQJ 0HWURSROLV+DVWLQJV LPSOHPHQWDWLRQV
0HWURSROLV+DVWLQJV DOJRULWKPV FDQ EH XVHG LQ D QXPEHU RI ZD\V WR HQIRUFH LQHTXDOLW\ FRQ
VWUDLQWV DQG H[LVWLQJ OLWHUDWXUH LQ K\GURORJ\ 0LFKDODN HW DO  :DQJ 	 =DEDUDV  =DQLQL
	 .LWDQLGLV  DQG DWPRVSKHULF VFLHQFHV 5LJE\ HW DO  %XUURZV HW DO  LPSOHPHQW
GLIIHUHQW DSSURDFKHV 7KH DOJRULWKPV LPSOHPHQWHG LQ WKH FLWHG K\GURORJ\ SDSHUV XVH /DJUDQJH
PXOWLSOLHUV WR HQIRUFH FRQVWUDLQWV RQ LQGLYLGXDO UHDOL]DWLRQV 6XFK DQ DSSURDFK LV FRPSXWDWLRQ
DOO\ DWWUDFWLYH IRU ODUJHUVFDOH LQYHUVH SUREOHPV ZLWK KXQGUHGV RU WKRXVDQGV RI HOHPHQWV RI WKH
VWDWH VSDFH IRU ZKLFK FRQVWUDLQWV PXVW EH HQIRUFHG 7KH FLWHG VWXGLHV JHQHUDOO\ XVH WKH IROORZLQJ
DSSURDFK
 $GG QRLVH WR WKH REVHUYDWLRQV DQG WKH SULRU 7KH YHFWRUV RI UDQGRP QRLVH DUH JHQHUDWHG
XVLQJ WKH FRYDULDQFH PDWULFHV 5 DQG 4 UHVSHFWLYHO\ DQG WKH ODVW DFFHSWHG UHDOL]DWLRQ

 &UHDWH D FRQGLWLRQDO FRQVWUDLQHG UHDOL]DWLRQ RI WKH HPLVVLRQV VFF,M E\ PLQLPL]LQJ WKH LQ
YHUVLRQ FRVW IXQFWLRQ VXEMHFW WR WKH UDQGRPO\JHQHUDWHG LQSXWV DERYH DQG HQIRUFLQJ FRQ
VWUDLQWV RQ WKH VWDWH YHFWRU XVLQJ WKH PHWKRG RI /DJUDQJH PXOWLSOLHUV
 &DOFXODWH WKH OLNHOLKRRG RI WKH FDQGLGDWH UHDOL]DWLRQ VFF,M UHODWLYH WR WKH SUHYLRXV DFFHSWHG
UHDOL]DWLRQ VFF,M− %DVHG XSRQ WKLV OLNHOLKRRG HLWKHU DFFHSW RU UHMHFW WKH UHDOL]DWLRQ DQG
EHJLQ DJDLQ ZLWK VWHS 
7KHVH VWHSV DUH GHVFULEHG LQ PRUH GHWDLO LQ VHFWLRQ '
7KH FLWHG H[LVWLQJ DWPRVSKHULF VWXGLHV XVH D GLIIHUHQW DSSURDFK 5LJE\ HW DO  %XUURZV
HW DO  ,Q WKHVH VWXGLHV D QHZ UHDOL]DWLRQ VFF,M LV JHQHUDWHG E\ DGGLQJ D UDQGRP TXDQWLW\
GLUHFWO\ WR WKH SUHYLRXV FDQGLGDWH UHDOL]DWLRQ VFF,M− ,I WKH FDQGLGDWH UHDOL]DWLRQ VFF,M GRHV QRW
REH\ WKH LQHTXDOLW\ FRQVWUDLQWV LW LV GLVFDUGHG ,I WKH FRQVWUDLQWV DUH PHW LQ WKH UHDOL]DWLRQ LW LV
DJDLQ DFFHSWHG RU UHMHFWHG EDVHG RQ LWV UHODWLYH SUREDELOLW\ FRPSDUHG WR WKH ODVW DFFHSWHG UHDOL]D
WLRQ 7KLV LPSOHPHQWDWLRQ RPLWV VWHSV  DQG  DERYH ,Q RWKHU ZRUGV WKH PRGHOHU LV QRW UHTXLUHG
WR PLQLPL]H WKH FRVW IXQFWLRQ DQG FDQ LQVWHDG VNLS GLUHFWO\ WR VWHS  7KLV IHDWXUH DIIRUGV JUHDWHU
ÁH[LELOLW\ LQ WKH LQYHUVLRQ VHWXS HJ 5LJE\ HW DO  WKH PRGHOHU FDQ XVH D FRPSOH[ SUREDELO
LW\ GHQVLW\ IXQFWLRQ SGI IRU WKH LQYHUVLRQ HYHQ LI FDOFXODWLQJ LWV PD[LPXP LV FRPSXWDWLRQDOO\
LQWUDFWDEOH $ ODUJHU QXPEHU RI PXOWLYDULDWH GLVWULEXWLRQV FRXOG EH XVHG IRU WKH SULRU SGI QRW
MXVW D PXOWLYDULDWH *DXVVLDQ GLVWULEXWLRQ LPSOHPHQWHG ZLWK /DJUDQJH PXOWLSOLHUV LQ WKH K\GURO
RJ\ VWXGLHV DERYH 7KH IUDFWLRQ RI UHDOL]DWLRQV WKDW DUH UHMHFWHG KRZHYHU FDQ EH YHU\ KLJK IRU
WZR UHDVRQV )LUVW IRU ODUJH VWDWH YHFWRUV D YHU\ KLJK IUDFWLRQ RI FDQGLGDWH UHDOL]DWLRQV ZLOO QRW
REH\ DOO ERXQGV DQG ZLOO EH UHMHFWHG 6HFRQG WKHUH DUH QR IRUPDO VWHSV WR HQVXUH WKDW HDFK SUR
SRVHG UHDOL]DWLRQ UHSURGXFHV WKH DWPRVSKHULF REVHUYDWLRQV 7KHUHIRUH WKH IUDFWLRQ RI UHDOL]D
WLRQV WKDW DUH UHMHFWHG ZLOO EH KLJK HYHQ DPRQJ WKRVH UHDOL]DWLRQV WKDW REH\ WKH LQHTXDOLW\ FRQ
VWUDLQWV

7KH LPSOHPHQWDWLRQ XVHG LQ WKH FLWHG K\GURORJ\ VWXGLHV LV WKHUHIRUH EHWWHU IRU ODUJHU SURE
OHPV EHFDXVH LW VDPSOHV WKH SRVWHULRU SUREDELOLW\ VSDFH PRUH VWUDWHJLFDOO\ 7KH LPSOHPHQWD
WLRQ JHQHUDWHV FDQGLGDWH UHDOL]DWLRQV WKDW H[SOLFLWO\ VDPSOH WKH FRYDULDQFH PDWULFHV 5 DQG 4
DQG KRQRU WKH REVHUYDWLRQV ] 5HIHU WR &KLE 	 *UHHQEHUJ  RU %ROVWDG  IRU D JHQ
HUDO GLVFXVVLRQ RQ FUHDWLQJ FDQGLGDWH UHDOL]DWLRQV ,Q JHQHUDO ODUJHU SUREOHPV UHTXLUH VWUDWHJLF
JHQHUDWLRQ RI FDQGLGDWH UHDOL]DWLRQV WKH HIÀFLHQF\ DQGRU DFFHSWDQFH SUREDELOLW\ RI 0HWURSROLV
+DVWLQJV GHFUHDVHV DV WKH QXPEHU RI XQNQRZQV LQFUHDVH IRU SUREOHPV ZLWK FRPSDUDEOH LPSOH
PHQWDWLRQ DQG FRYDULDQFH PDWULFHV *HOPDQ  FK  7KLV IDFW PDNHV WKH DSSURDFK XVHG
LQ WKH FLWHG K\GURORJ\ OLWHUDWXUH PRUH VXLWDEOH IRU ODUJHU SUREOHPV OLNH WKH PHWKDQH FDVH VWXG\
LQ WKH PDLQ PDQXVFULSW +RZHYHU WKLV DSSURDFK DOVR UHVWULFWV WKH LQYHUVLRQ VHWXS WR SGIV ZLWK
FRPSXWDWLRQDOO\WUDFWDEOH PD[LPD
' 7KH PXOWLSOHWU\ 0HWURSROLV+DVWLQJV
7KH IROORZLQJ VHFWLRQ GHVFULEHV WKH PXOWLSOHWU\ 0HWURSROLV+DVWLQJV DOJRULWKP PRGLÀHG WR DF
FRPPRGDWH LQHTXDOLW\ FRQVWUDLQWV 7KLV DOJRULWKP LV PRUH FRPSXWDWLRQDOO\ WUDFWDEOH IRU ODUJH
SUREOHPV WKDQ PDQ\ WUDGLWLRQDO 0HWURSROLV+DVWLQJV LPSOHPHQWDWLRQV
7KLV DOJRULWKP /LX HW DO  ÀUVW UHTXLUHV WKH JHQHUDWLRQ RI DQ XQFRQVWUDLQHG XQFRQGLWLRQDO
UHDOL]DWLRQ GHQRWHG VXX 7KH UHDOL]DWLRQ IRU VWHS M GHQRWHG VXX,M LV FUHDWHG E\ DSSO\LQJ D PRG
LÀFDWLRQ WR VXX,M− 7KH PRGLÀFDWLRQ WR WKH SUHYLRXV UHDOL]DWLRQ LV SURYLGHG E\ ZKDW LV NQRZQ
DV WKH MXPSLQJ GLVWULEXWLRQ 7() 7KLV GLVWULEXWLRQ VKRXOG FUHDWH QHZ UHDOL]DWLRQV WKDW DUH VXI
ÀFLHQWO\ GLIIHUHQW IURP WKH SUHYLRXV RQH VXFK WKDW WKH DOJRULWKP HIIHFWLYHO\ VDPSOHV WKH HQWLUH
SUREDELOLW\ VSDFH +RZHYHU WKH MXPSLQJ GLVWULEXWLRQ VKRXOG DYRLG FUHDWLQJ VXEVHTXHQW UHDOL]D
WLRQV WKDW DUH VR GLIIHUHQW VXFK WKDW VXX,M JHWV UHMHFWHG E\ WKH DOJRULWKP HJ &KLE 	 *UHHQEHUJ


7KH MXPSLQJ GLVWULEXWLRQ XVHG KHUH UHTXLUHV WDNLQJ WKH &KROHVN\ GHFRPSRVLWLRQ RI 4
4 = &&7 '
7KH GLVWULEXWLRQ 7() FDQ EH FKRVHQ LQ DQ\ QXPEHU RI ZD\V HJ &KLE 	 *UHHQEHUJ  EXW
ZH JHQHUDWH QHZ XQFRQGLWLRQDO XQFRQVWUDLQHG UHDOL]DWLRQV DV IROORZV ZKHUH X LV D UDQGRP YHF
WRU ZLWK GLVWULEXWLRQ N (, )
VXX, = &X '
VXX,M = ։VXX,M− +
√
− ։&X
,Q WKLV FDVH ZH VHW ։ = . WKRXJK DQ\ YDOXH JUHDWHU WKDQ ]HUR DQG OHVV WKDQ RQH LV DFFHSWDEOH
HJ 0LFKDODN HW DO  7KH PXOWLSOHWU\ 0HWURSROLV+DVWLQJ ZLWK LQHTXDOLW\ FRQVWUDLQWV KDV
WKH IROORZLQJ VWHSV
 'UDZ N WULDO SURSRVDOV IRU VXX,M IURP WKH MXPSLQJ GLVWULEXWLRQ GHVFULEHG E\ (T '
 &RPSXWH D FRQGLWLRQDO FRQVWUDLQHG UHDOL]DWLRQ VFF,M IRU HDFK RI WKH WULDO SURSRVDOV E\ PLQL
PL]LQJ WKH SRVWHULRU QHJDWLYH ORJOLNHOLKRRG YLD /DJUDQJH PXOWLSOLHUV
/V,շ = (]+ Y−+V∗FF,M)75−(]+ Y−+V∗FF,M)+ '

(V
∗
FF,M − V∗XX,M)7*(V∗FF,M − V∗XX,M)
ZKHUH Y LV D UDQGRP YHFWRU ZLWK FRYDULDQFH 5 ,Q WKLV FDVH WKH DVWHULVN ∗ LQGLFDWHV WKDW
WKH FDQGLGDWH LV RQH RI N WULDO SURSRVDOV IRU WKH UHDOL]DWLRQ

 &RPSXWH WKH ZHLJKWLQJ IXQFWLRQ IRU HDFK WULDO SURSRVDO
Z(V∗FF,M|VFF,M−) =
S′′(V∗FF,M|],+,;)
7(V∗FF,M|VFF,M−)
'
ZKHUH S′′(V∗FF,M|],+,;) LQGLFDWHV WKH SRVWHULRU SUREDELOLW\ RI V∗FF,M DQG 7(V∗FF,M|VFF,M−) LV WKH
MXPSLQJ SUREDELOLW\ RI V∗FF,M JLYHQ VFF,M− 7KH SRVWHULRU SUREDELOLW\ DQG DSSUR[LPDWH MXPS
LQJ SUREDELOLW\ FDQ EH FDOFXODWHG DV IROORZV 0LFKDODN HW DO 
S′′(V∗FF,M|],+,;) ∝ H[S[− (]−+V∗FF,M)75−(]−+V∗FF,M) '
− V∗FF,M7*V∗FF,M]
7(V∗FF,M|VFF,M−) ∝ H[S[− (V∗XX,M − ։VXX,M−)7 '
4−
(− ։)(V
∗
XX,M − ։VXX,M−)]
 6HOHFW VFF,M IURP WKH WULDO SURSRVDOV E\ LQGLYLGXDOO\ UDQGRPO\ GUDZLQJ HDFK HOHPHQW IURP
V∗FF,M ZLWK SUREDELOLW\ SURSRUWLRQDO WR WKH ZHLJKWLQJ IXQFWLRQ Z(V
∗
FF,M|VFF,M−) 6HOHFW WKH FRUUH
VSRQGLQJ HOHPHQWV RI V∗XX,M WR FRQVWUXFW VXX,M
 &UHDWH (N−) QHZ WULDO SURSRVDOV IRU VFF,M− 7R GR WKLV GUDZ VDPSOHV IURP WKH MXPSLQJ GLV
WULEXWLRQ 7(V∗XX,M−|VXX,M) LH V∗XX,M− = ։VXX,M +
√
− ։&X &DOFXODWH WKH WULDO FRQGLWLRQDO
FRQVWUDLQHG UHDOL]DWLRQV V∗FF,M− XVLQJ WKH SURFHGXUH RXWOLQHG LQ VWHS  6HW WUDLO SURSRVDO N
WR VFF,M− )LQDOO\ FDOFXODWH WKH ZHLJKWLQJ IXQFWLRQ IRU HDFK WULDO FRQGLWLRQDO FRQVWUDLQHG
UHDOL]DWLRQ Z(V∗FF,M−|VFF,M)

 &DOFXODWH WKH DFFHSWDQFHUHMHFWLRQ SUREDELOLW\ /LX HW DO 
ւ = PLQ
{
,
∑N Z(V∗FF,M|VFF,M−)∑N Z(V∗FF,M−|VFF,M)
}
'
$FFHSW VFF,M LI ւ > U(, ) 2WKHUZLVH VHW VFF,M = VFF,M−
5HSHDW VWHSV  ²  XQWLO D VXIÀFLHQW QXPEHU RI UHDOL]DWLRQV KDYH EHHQ JHQHUDWHG WR VDPSOH
DFURVV WKH HQWLUH SRVWHULRU SUREDELOLW\ VSDFH 1RWH WKDW XQOLNH WKH *LEEV VDPSOHU WKLV PXOWLSOH
WU\ 0HWURSROLV+DVWLQJV DOJRULWKP GRHV QRW UHTXLUH GLVFDUGLQJ UHDOL]DWLRQV IURP DQ LQLWLDO VSLQ
XS SHULRG )RU WKLV DSSOLFDWLRQ ZH FKRRVH N =  /DUJHU YDOXHV IRU N FDQ OHDG WR JUHDWHU DFFHS
WDQFH UDWHV EXW KLJKHU FRPSXWDWLRQDO FRVW /LX HW DO  QRWH WKDW DQ DFFHSWDQFH UDWH RI .−.
LV LGHDO IRU D PXOWLSOHWU\ 0HWURSROLV+DVWLQJV DOJRULWKP
' 7KH *LEEV VDPSOHU LPSOHPHQWDWLRQ
7KH *LEEV VDPSOHU UHTXLUHV JHQHUDWLQJ WKH HOHPHQWZLVH FRQGLWLRQDO SUREDELOLW\ GHQVLW\ WKH
SUREDELOLW\ RI DQ\ LQGLYLGXDO HOHPHQW LQ V JLYHQ DQ HVWLPDWH RI DOO RWKHU HOHPHQWV LQ V 7KLV FRQ
GLWLRQDO GHQVLW\ LV GHQRWHG S(VL|V, ]) ZKHUH L LV RQH RI P HOHPHQWV LQ V 7KH HTXDWLRQV IRU S(VL|V, ])
FDQ EH IRXQG LQ 0LFKDODN  IRU WKH LQYHUVLRQ VHWXS GLVFXVVHG LQ WKLV SDSHU
7KH *LEEV VDPSOHU KDV WKH IROORZLQJ VWHSV
 0DNH DQ LQLWLDO JXHVV IRU V ZKHUH WKH VXEVFULSW ¶· GHQRWHV WKH ÀUVW UHDOL]DWLRQ RI V
 2EWDLQ D QHZ UHDOL]DWLRQ VM IURP WKH SUHYLRXV UHDOL]DWLRQ VM− 7R GR WKLV VXFFHVVLYHO\
JHQHUDWH D FRQGLWLRQDO SUREDELOLW\ IRU HDFK HOHPHQW LQ V DQG GUDZ D UDQGRP VDPSOH IURP

HDFK RQH
S(V,M) = S(V,M|V,M−, ..., VP,M−)
S(V,M) = S(V,M|V,M, V,M−, ..., VP,M−)
S(VL,M) = S(VL,M|V,M, ..., VL−,M, VL+,M−, ..., VP,M−)
S(VP,M) = S(VP,M|V,M, ..., VP−,M)
'
 8SGDWH M WR M+  DQG FRQWLQXH JHQHUDWLQJ UHDOL]DWLRQV
&UHDWH D ODUJH QXPEHU RI UHDOL]DWLRQV LQ WKLV FDVH  WR IXOO\ VDPSOH DFURVV WKH SRVWHULRU
SUREDELOLW\ VSDFH 7KH LQLWLDO UHDOL]DWLRQV DUH XVXDOO\ GLVFDUGHG DV D ´VSLQXSµ SHULRG LQ WKLV
FDVH WKH ÀUVW 
,Q WKLV LPSOHPHQWDWLRQ S(VL|V, ]) LV *DXVVLDQ 7R HQIRUFH WKH LQHTXDOLW\ FRQVWUDLQWV 0LFKDODN
 GUDZV D UDQGRP VDPSOH IURP S(VL|V, ]) XQWLO WKH UDQGRP GUDZ IDOOV ZLWKLQ WKH ERXQGV
7KLV GUDZ EHFRPHV WKH HVWLPDWH IRU VL,M 7KH DSSURDFK LV HTXLYDOHQW WR XVLQJ D WUXQFDWHG *DXV
VLDQ DV D WKH SULRU SUREDELOLW\ GHQVLW\ IXQFWLRQ EXW WKLV LPSOHPHQWDWLRQ DYRLGV WKH FRPSXWD
WLRQDO FKDOOHQJH RI GLUHFWO\ FRPSXWLQJ D PXOWLYDULDWH WUXQFDWHG SUREDELOLW\ GLVWULEXWLRQ
7KLV VWXG\ XVHV D PRGLÀHG DSSURDFK IRU WKH PHWKDQH FDVH VWXG\ ,I WKH UDQGRP VDPSOH IURP
S(VL|V, ]) LV SRVLWLYH LW EHFRPHV WKH HVWLPDWH IRU VL,M ,I WKH UDQGRP VDPSOH LV QHJDWLYH VHW VL,M = 
7KLV DSSURDFK LV HTXLYDOHQW WR VDPSOLQJ IURP D WUXQFDWHG QRUPDO GLVWULEXWLRQ ZLWK DQ DGGHG
'LUDF GHOWD IXQFWLRQ 7KH PHWKRG DGDSWHG KHUH LQFUHDVHV WKH SUREDELOLW\ RI HVWLPDWLQJ ]HUR HPLV
VLRQV IRU D JLYHQ ÁX[ RU HPLVVLRQV ORFDWLRQ

(6XSSOHPHQWDO PDWHULDO IRU FKDSWHU 
( 7KH PHWHRURORJLFDO PRGHOGDWD DVVLPLODWLRQ IUDPHZRUN
7KLV VHFWLRQ RI WKH VXSSOHPHQW GHVFULEHV WKH /RFDO (QVHPEOH .DOPDQ )LOWHU /(7.) LQ JUHDWHU
GHWDLO 0DQ\ RI WKH HTXDWLRQV OLVWHG EHORZ DUH DEEUHYLDWHG YHUVLRQV RI WKRVH GHWDLOHG LQ +XQW
HW DO  'HVUR]LHUV HW DO  +XQW HW DO  /L HW DO  DQG 0L\RVKL  )RU D
PDWKHPDWLFDO GHULYDWLRQ RI HLWKHU WKH PHWHRURORJ\ RSWLPL]DWLRQ RU FRYDULDQFH PDWUL[ HVWLPDWLRQ
ZLWKLQ /(7.) UHIHU WR DQ\ RI WKRVH VWXGLHV
7KH PRGHO²GDWD DVVLPLODWLRQ V\VWHP DEEUHYLDWHG &$0²/(7.) FDQ EH VXPPDUL]HG LQ D
QXPEHU RI VWHSV )LUVW ZH FUHDWH DQ LQLWLDO FRQGLWLRQ IRU PRGHOHG PHWHRURORJ\ LQ WKLV FDVH XV
LQJ 1&(3²'2( $0,3,, UHDQDO\VLV .DQDPLWVX HW DO  :H JHQHUDWH D VHW RI VPDOO SHUWXU
EDWLRQV WR WKH LQLWLDO FRQGLWLRQV DQG XVH WKHVH SHUWXUEDWLRQV WR FUHDWH D VHW RI N LQLWLDO FRQGLWLRQV
WKDW DUH DOO VOLJKWO\ GLIIHUHQW ,Q WKLV FDVH ZH VHW N =  DV LQ /LX HW DO   7KLV FKRLFH
UHSUHVHQWV D FRPSURPLVH EHWZHHQ WKRURXJK VWDWLVWLFDO VDPSOLQJ DQG FRPSXWDWLRQDO FRQVLGHUD
WLRQV D YHU\ ODUJH N ZLOO H[KDXVWLYHO\ VDPSOH WKH PRGHO XQFHUWDLQWLHV +RZHYHU N &$0²&/0

UHDOL]DWLRQV UHTXLUH N FRPSXWHU FRUHV VR D YHU\ ODUJH N ZRXOG DOVR EHFRPH FRPSXWDWLRQDOO\ SUR
KLELWLYH
6HFRQG ZH UXQ D KRXU ZHDWKHU IRUHFDVW XVLQJ &$0&/0 IRU HDFK RI WKH NPRGHO LQLWLDO FRQ
GLWLRQV 7KH VSUHDG RI WKLV PRGHO HQVHPEOH UHSUHVHQWV RXU SULRU XQFHUWDLQW\ LQ WKH PRGHOHG PH
WHRURORJ\
[L = [¯+ ;L ZKHUH L = ....N (
ZKHUH [L P×  LV D VLQJOH PRGHO UHDOL]DWLRQ [¯ P×  LV WKH PHDQ RI WKH PRGHO HQVHPEOH DQG ;L
P× N UHIHUV WR WKH LWK FROXPQ RI WKH PDWUL[ WKDW GHÀQHV WKH PRGHO HQVHPEOH VSUHDG ,Q WKH PDLQ
DUWLFOH HJ (T  ZH GHÀQHG WKHVH YDULDEOHV WR UHIHU WR DOO PRGHO WLPH VWHSV FROOHFWLYHO\ ,Q WKH
VXSSOHPHQW E\ FRQWUDVW ZH ZLOO LQVWHDG GHÀQH WKHVH YDULDEOHV WR UHIHU WR WKH PRGHO²GDWD DVVLPL
ODWLRQ DW D VLQJOH  KRXUO\ WLPH VWHS ,Q RWKHU ZRUGV P DQG Q QRZ UHIHU WR WKH PRGHO RXWSXWV DQG
QXPEHU RI ZHDWKHU REVHUYDWLRQV UHVSHFWLYHO\ DVVRFLDWHG ZLWK D VLQJOH PRGHO²GDWD DVVLPLODWLRQ
F\FOH 7KLV UHGHÀQLWLRQ RI WKH YDULDEOHV IDFLOLWDWHV D GLVFXVVLRQ RI WLPHVWHSSLQJ LQ WKH UHPDLQGHU
RI WKLV VHFWLRQ
7KLUG ZH FDOFXODWH D VHW RI N ZHLJKWV VXFK WKDW WKH ZHLJKWHG DYHUDJH RI WKH UHDOL]DWLRQV EHVW
PDWFKHV WKH PHWHRURORJLFDO REVHUYDWLRQV
[¯D = [¯E + ;EZˆ (
7KH VXSHUVFULSW E UHIHUV WR WKH PRGHO VWDWH EHIRUH DVVLPLODWLRQ DQG D WKH PRGHO VWDWH DIWHU GDWD DV
VLPLODWLRQ 7KH N ×  YHFWRU RI ZHLJKWV Zˆ DUH HVWLPDWHG E\ PLQLPL]LQJ D VWDWLVWLFDO FRVW IXQFWLRQ
ZLWK UHVSHFW WR WKH PHWHRURORJLFDO REVHUYDWLRQV +XQW HW DO 
-(Z) = (N− )Z7Z+
(
]−+([¯E + ;EZ)
)7
5−
(
]−+([¯E + ;EZ)
)
(

,Q WKH DERYH HTXDWLRQ ] Q ×  UHSUHVHQWV WKH PHWHRURORJLFDO REVHUYDWLRQV DQG +() LV D IXQFWLRQ
RU RSHUDWRU WKDW PDSV WKH PRGHO RXWSXW WR WKH REVHUYDWLRQV )RU H[DPSOH WKH IXQFWLRQ +()PD\
FRQYHUW WKH PRGHO XQLWV WR WKH PHDVXUHPHQW XQLWV RU PD\ LQWHUSRODWH WKH PRGHO RXWSXW WR DQ
REVHUYDWLRQ VLWH WKDW OLHV EHWZHHQ PXOWLSOH PRGHO JULG ER[HV /DVWO\ WKH GLDJRQDO PDWUL[ 5 Q×Q
UHSUHVHQWV WKH QXJJHW YDULDQFH YDULDQFH LQ WKH PRGHO²GDWD UHVLGXDOV WKDW LV GXH WR PHDVXUHPHQW
HUURUV RU PHWHRURORJLFDO SURFHVVHV WRR VPDOO LQ VFDOH WR EH FDSWXUHG E\ &$0²&/0
7KH IROORZLQJ HTXDWLRQ IXUWKHU HOXFLGDWHV WKH UROH RI WKH 5 FRYDULDQFH PDWUL[ LQ WKH DQDO\VLV
HJ +XQW HW DO 
] = +([) +N (,5) (
,Q WKH DERYH HTXDWLRQ [ UHIHUV WR WKH WUXH YDOXH RI WKH PHWHRURORJLFDO SDUDPHWHUV DYHUDJHG WR
WKH UHVROXWLRQ RI WKH PRGHO JULG 7KLV YHFWRU LV DQ XQNQRZQ TXDQWLW\ DQG WKH HVWLPDWHG YDOXHV
[¯D DUH RQO\ D EHVW JXHVV RI WKLV XQNQRZQ TXDQWLW\ $Q\ GLIIHUHQFHV EHWZHHQ WKH WUXH XQNQRZQ
YDOXHV DQG WKH PHDVXUHPHQWV PXVW EH GXH WR RQH RI WZR FDXVHV HLWKHU PHDVXUHPHQW HUURU RU
HUURUV GXH WR WKH ÀQLWH PRGHO UHVROXWLRQ 7KHVH HUURUV VKRXOG IROORZ D QRUPDO GLVWULEXWLRQ ZLWK
D PHDQ RI ]HUR DQG D FRYDULDQFH PDWUL[ 5 :H HVWLPDWH WKH HOHPHQWV RI WKLV PDWUL[ XVLQJ DFWXDO
PRGHOGDWD UHVLGXDOV DV GHVFULEHG LQ JUHDWHU GHWDLO EHORZ
,Q RUGHU WR HVWLPDWH WKH ZHLJKWV Z ZH XVH D ORFDOL]DWLRQ SURFHGXUH ,Q SUDFWLFH ZH QHYHU
FRPSXWH WKH ZHLJKWV VLPXOWDQHRXVO\ IRU WKH HQWLUH JOREDO PRGHO RXWSXW 5DWKHU ZH HVWLPDWH D
GLIIHUHQW VHW RI ZHLJKWV IRU HDFK PRGHO JULG ER[ XVLQJ PRGHOPHDVXUHPHQW SDLUV ZLWKLQ D FHUWDLQ
UDGLXV LQ WKLV FDVH ZLWKLQ NP $V VXFK WKH PDWULFHV LQ (TV ( DQG ( UHSUHVHQW D VXEVHW
RI WKH JOREDO PRGHO RXWSXW DQG WKH GLPHQVLRQV Q DQG P DUH VPDOO UHODWLYH WR WKH WRWDO QXPEHU RI
JOREDO REVHUYDWLRQV DQG PRGHO JULG ER[HV UHVSHFWLYHO\
$V SDUW RI WKLV ORFDOL]DWLRQ SURFHGXUH ZH LQWHUSRODWH WKH JULGGHG PRGHO RXWSXW WR WKH RE
VHUYDWLRQ ORFDWLRQV DQG WLPHV ZH XVH WKHVH PRGHOPHDVXUHPHQW SDLUV WR FRPSXWH HDFK VHW RI

ZHLJKWV :H IXUWKHU WDSHU WKH LQÁXHQFH RI PRGHOREVHUYDWLRQ SDLUV RQ WKH RSWLPL]DWLRQ GHSHQG
LQJ RQ WKHLU GLVWDQFH IURP WKH JULG ER[ LQ TXHVWLRQ XVLQJ D %ODFNPDQ ZLQGRZ IXQFWLRQ DV GH
VFULEHG E\ 2SSHQKHLP 	 6FKDIHU  DQG /LX HW DO  +HQFH PRGHOPHDVXUHPHQW SDLUV
ORFDWHG ZLWKLQ WKH PRGHO JULG ER[ RI LQWHUHVW ZLOO LQÁXHQFH WKH RSWLPL]DWLRQ PXFK PRUH VWURQJO\
WKDQ PRGHOREVHUYDWLRQ SDLUV ORFDWHG NP DZD\ $ UDGLXV RI NP IRU WKH %ODFNPDQ ZLQ
GRZ IXQFWLRQ LV FRPSDUDEOH WR YDOXHV XVHG WKURXJKRXW WKH PHWHRURORJLFDO OLWHUDWXUH )RU H[DP
SOH /LX HW DO  DQG /LX HW DO  DOVR XVHG D NP UDGLXV )XUWKHUPRUH 0L\RVKL 
VHW D  NP UDGLXV RI LQÁXHQFH 0L\RVKL 	 .XQLL  XVHG D NP UDGLXV DQG 6]XQ\RJK
HW DO  XVHG DQ NP UDGLXV
7KLV ORFDOL]DWLRQ DSSURDFK HQVXUHV FRKHUHQFH DPRQJ DGMDFHQW JULG ER[HV DQG HQVXUHV WKDW
WKH RSWLPL]DWLRQ LV QRW DQ RYHUÀW WR WKH GDWD )RU H[DPSOH LI ZH HVWLPDWHG WKH ZHLJKWV XVLQJ
RQO\ PRGHOPHDVXUHPHQW SDLUV LQ WKH JULG ER[ RI LQWHUHVW VHYHUDO SUREOHPV FRXOG DULVH )LUVW
WKHUH PD\ QRW EH PDQ\ UHOHYDQW REVHUYDWLRQV WKDW DUH VHQVLWLYH WR WKDW VSHFLÀF JULG ER[ SDUWLFX
ODUO\ RYHU WKH RSHQ RFHDQ RU QHDU WKH SROHV ,Q WKRVH FLUFXPVWDQFHV WKH HVWLPDWHG ZHLJKWV FRXOG
EH LQDFFXUDWH 6HFRQG WKDW DSSURDFK FRXOG SURGXFH YDVWO\ GLIIHUHQW ZHLJKWV LQ DGMDFHQW JULG
ER[HV D UHVXOW WKDW LV XQOLNHO\ WR EH SK\VLFDOO\ UHDOLVWLF )RU H[DPSOH WKH HVWLPDWHG ZHLJKWV IRU
RQH PRGHO JULG ER[ RYHU HDVWHUQ 1RUWK 'DNRWD VKRXOG ORRN VRPHZKDW VLPLODU WR WKH ZHLJKWV
IRU D JULG ER[ RYHU ZHVWHUQ 1RUWK 'DNRWD ,I WKH WZR VHWV RI ZHLJKWV ZHUH FRPSOHWHO\ XQUHODWHG
RQH FRXOG DUJXH WKDW WKH RSWLPL]DWLRQ ZRXOG EH DQ RYHUÀW $ ORFDOL]DWLRQ UDGLXV RI NP SUH
FOXGHV WKHVH SRWHQWLDO SUREOHPV
7KH ZHLJKWV Zˆ HVWLPDWHG XVLQJ WKLV ORFDOL]DWLRQ SURFHGXUH ZLOO KDYH WKH IROORZLQJ FRYDUL

DQFH PDWUL[ N× N +XQW HW DO 
a3D = (N− ),+ (<E)75−<E (
ZKHUH +([¯E + ;EZ) ≈ \¯E + <EZ (
)RXUWK ZH JHQHUDWH  UHDOL]DWLRQV WKDW FROOHFWLYHO\ UHSUHVHQW RXU SRVWHULRU XQFHUWDLQW\ LQ WKH
PHWHRURORJ\ /LNH WKH EHVW HVWLPDWH [¯D WKHVH SRVWHULRU UHDOL]DWLRQV DUH DOVR D OLQHDU FRPELQDWLRQ
RI WKH SULRU PRGHO UHDOL]DWLRQV +XQW HW DO 
[DL = [¯
D + ;E
(
[(N− )a3D] 
)
L
(
ZKHUH ¶  · GHQRWHV WKH V\PPHWULF VTXDUH URRW RI WKH FRYDULDQFH PDWUL[ 7KH VXEVFULSW L RQ WKH
ULJKW KDQG VLGH RI WKH HTXDWLRQ UHIHUV WR LQGLYLGXDO FROXPQV RI WKH PDWUL[
)LIWK DQG ÀQDOO\ ZH DGMXVW WKH RYHUDOO PRGHO HQVHPEOH VSUHDG WR PDWFK WKH PRGHO XQFHU
WDLQWLHV LPSOLHG E\ WKH PHWHRURORJLFDO REVHUYDWLRQV :H UHIHU WR WKLV SURFHVV DV DGDSWLYH FRYDUL
DQFH LQÁDWLRQ HJ /L HW DO  0L\RVKL  1RWH WKDW WKLV VWHS LV QHZ VLQFH SUHYLRXV &$0²
/(7.) VWXGLHV E\ /LX HW DO  DQG /LX HW DO 
$GDSWLYH LQÁDWLRQ RSHUDWHV RQ WKH IROORZLQJ SULQFLSOH WKH HQVHPEOH YDULDQFH DQG QXJJHW
YDULDQFH VKRXOG PDWFK DJDLQVW WKH DFWXDO PRGHOGDWD UHVLGXDOV HJ /L HW DO 
(
[(
]−+([¯E)
)(
]−+([¯E)
)7]
= +3+7 + 5 (
ZKHUH 3 = (N− )−;E(;E)7 (
,Q WKDW HTXDWLRQ ( GHQRWHV WKH H[SHFWHG YDOXH DQG WKH PDWUL[ + Q × P LV D OLQHDUL]DWLRQ RI
WKH IXQFWLRQ +() ,Q SUDFWLFH KRZHYHU WKHVH FRYDULDQFH PDWULFHV FDQ GLYHUJH IURP WKH DFWXDO

UHVLGXDOV 5HIHU WR 0L\RVKL  IRU PRUH GHWDLO 7KHUHIRUH ZH HVWLPDWH D VFDOLQJ IDFWRU ն IRU
WKH GLDJRQDO HOHPHQWV RI WKH FRYDULDQFH PDWUL[ 3 P×P 7KLV VFDOLQJ IDFWRU FDQ EH HVWLPDWHG E\
PDQLSXODWLQJ (T ( DV LQ /L HW DO  DQG 0L\RVKL 
ն =
WU
[(
]−+([¯E)) (]−+([¯E))7 ◦ 5−]− Q
WU [+3+7 ◦ 5−] (
,Q WKLV HTXDWLRQ WU UHIHUV WR WKH PDWUL[ WUDFH DQG WKH V\PERO ◦ LQGLFDWHV HOHPHQWZLVH PXOWLSOL
FDWLRQ 7KH UHVXOW RI (T ( LV WKHQ ZHLJKWHG DJDLQVW WKH VFDOLQJ IDFWRU IURP WKH SUHYLRXV PRGHO
WLPH VWHS WR SURGXFH D ÀQDO VFDOLQJ IDFWRU HVWLPDWH UHIHU WR /L HW DO  0L\RVKL 
7R GDWH WKH XVH RI D VLQJOH VFDOLQJ IDFWRU ն SHU JULG ER[ KDV EHHQ D VWDQGDUG SUDFWLFH LQ HQ
VHPEOH .DOPDQ ÀOWHUV DSSOLHG WR ZHDWKHU PRGHOV HJ 6]XQ\RJK HW DO  /LX HW DO 
 0L\RVKL 	 .XQLL  .DQJ HW DO  DQG ZH GR WKH VDPH KHUH :KHQ ZH HVWLPDWH D
VLQJOH VFDOLQJ IDFWRU SHU ER[ ZH OHYHUDJH PRUH REVHUYDWLRQV WR PDNH D PRUH VWDEOH LQÁDWLRQ HV
WLPDWH 2WKHUZLVH DGDSWLYH LQÁDWLRQ FDQ EHFRPH FKDOOHQJLQJ WR LPSOHPHQW DGDSWLYH LQÁDWLRQ
SHUIRUPV SRRUO\ ZKHQ REVHUYDWLRQV DUH VSDUVH HJ 0L\RVKL 
:H DOVR HVWLPDWH WKH QXJJHW YDULDQFH ֆ5,M IRU D JLYHQ REVHUYDWLRQ W\SH M XVLQJ WKH PRGHO
RXWSXW DQG REVHUYDWLRQV 'HVUR]LHUV HW DO  /L HW DO 
ֆ5,M =
(
]M −+([¯D)
)7 (]M −+([¯E))
QM
(
$V ZLWK ն WKH UHVXOW LQ (T ( LV DOVR ZHLJKWHG DJDLQVW WKH HVWLPDWHG YDULDQFH IURP WKH SUHYL
RXV WLPH VWHS WR SURGXFH D ÀQDO YDULDQFH HVWLPDWH /L HW DO  8QOLNH WKH ORFDOL]HG /(7.)
FDOFXODWLRQV ZH HVWLPDWH D VLQJOH QXJJHW YDULDQFH IRU WKH HQWLUH JOREH IRU HDFK PHWHRURORJLFDO
REVHUYDWLRQ W\SH ,Q RWKHU ZRUGV LQ (T ( WKH LQSXWV UHSUHVHQW JOREDO YDOXHV IRU REVHUYDWLRQ
W\SH M QRW D ORFDOL]HG LPSOHPHQWDWLRQ DV LQ SUHYLRXV HTXDWLRQV

$IWHU WKHVH VWHSV WKH PRGHODVVLPLODWLRQ F\FOH EHJLQV DJDLQ ZLWK DQRWKHU KRXU &$0²&/0
IRUHFDVW 7KH SRVWHULRU HQVHPEOH PHPEHUV [DL  EHFRPH WKH LQLWLDO FRQGLWLRQV IRU WKLV QH[W &$0
&/0 IRUHFDVW
,Q RXU VWXG\ ZH XWLOL]H ELRVSKHULF RFHDQLF ELRPDVV EXUQLQJ DQG IRVVLO IXHO &2 ÁX[HV IURP
&DUERQ7UDFNHU &7 DQG ZH GR QRW FKDQJH WKHVH ÁX[HV LQ UHVSRQVH WR DQ\ SDUDPHWHUV ZLWKLQ
&$0&/0 7KH RULJLQDO &7 ÁX[HV KDYH D WHPSRUDO UHVROXWLRQ RI  K :H DYHUDJH WKHVH ÁX[HV WR
D  K UHVROXWLRQ IRU DOO RI WKH &$0&/0 VLPXODWLRQV LQ WKLV VWXG\ WKH OHQJWK RI HDFK PRGHO WLPH
VWHS
)XUWKHUPRUH ZH XVH &7 DV WKH LQLWLDO FRQGLWLRQ IRU JOREDO DWPRVSKHULF &2 PL[LQJ UDWLRV RQ
 -DQXDU\ DQG  0D\  (DFK &$0 HQVHPEOH PHPEHU XVHV WKH VDPH LQLWLDO FRQGLWLRQ IRU DW
PRVSKHULF &2 VR DQ\ VXEVHTXHQW GLIIHUHQFHV LQ &2 DPRQJ WKH PRGHO UHDOL]DWLRQV DUH GXH HQ
WLUHO\ WR PHWHRURORJLFDO XQFHUWDLQWLHV
( &$0²/(7.) SHUIRUPDQFH PHWULFV
7KH SDUDJUDSKV WKDW IROORZ GLVFXVV WZR GLIIHUHQW PHWULFV RI &$0²/(7.) SHUIRUPDQFH ODUJH
VFDOH PHWHRURORJ\ PRGHO²GDWD FRPSDULVRQV DQG D PRUH LQGHSWK YLHZ RI WKH HVWLPDWHG YDULDQFHV
LH WKH YDULDQFH LQÁDWLRQ DQG WKH QXJJHW YDULDQFH
)LUVW ZH H[DPLQH WKH PHWHRURORJ\ PRGHO²GDWD UHVLGXDOV IRU WKH PRGHO EHVWJXHVV [¯D )LJXUH
( GLVSOD\V WKH URRW PHDQ VTXDUHG PRGHO²PHDVXUHPHQW HUURU 506(
√
(/Q)
∑
(\−+([¯D))
EURNHQ GRZQ E\ WLPH DQG E\ REVHUYDWLRQ W\SH (DFK SRLQW SORWWHG LQ )LJ ( LV WKH 506( FRP
SXWHG IURP DOO DYDLODEOH JOREDO REVHUYDWLRQV 7KLV 506( DSSHDUV FRPSDUDEOH LQ PDJQLWXGH WR
VHYHUDO H[LVWLQJ ZHDWKHU UHDQDO\VLV SURGXFWV )RU H[DPSOH WKHVH VWDWLVWLFV DUH VLPLODU WR &$0
/(7.) VLPXODWLRQV E\ /LX HW DO  WKRXJK VLPXODWLRQV LQ WKDW SDSHU FRYHU D PXFK VKRUWHU
WLPH SHULRG )XUWKHUPRUH WKH WHPSHUDWXUH SUHVVXUH DQG ZLQG HUURUV UHSRUWHG KHUH DUH LQ WKH
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)LJXUH ( 5RRW PHDQ VTXDUHG HUURUV IRU WKH &$0²/(7.) EHVW HVWLPDWH FRPSDUHG DJDLQVW YDULRXV PHWHR
URORJLFDO REVHUYDWLRQV 506(
√
(/Q)
∑
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
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a) February            b) July
)LJXUH ( 7KH YDULDQFH LQÁDWLRQ IDFWRUV IRU WKH &$0PRGHO VXUIDFH OD\HU DYHUDJHG RYHU HDFK  KRXUO\
HVWLPDWLRQ SHULRG LQ )HEUXDU\ DQG -XO\  ,Q WKLV VWXG\ ZH HVWLPDWH D GLIIHUHQW LQÁDWLRQ IDFWRU IRU
HDFK PRGHO JULG ER[ DQG HDFK  KRXUO\ HVWLPDWLRQ SHULRG 0RUH VSHFLÀFDOO\ ZH HVWLPDWH D VLQJOH LQÁDWLRQ
IDFWRU IRU DOO PRGHO SDUDPHWHUV HJ ZLQG WHPSHUDWXUH VXUIDFH SUHVVXUH DQG VSHFLÀF KXPLGLW\ LQ HDFK
ER[
UDQJH RI WKRVH OLVWHG IRU 1RUWK $PHULFDQ 5HJLRQDO 5HDQDO\VLV 1$55 DQG (5$,QWHULP UHDQDO\
VLV 0HVLQJHU HW DO  'HH HW DO 
7KH UHPDLQGHU RI WKLV VHFWLRQ GLVFXVVHV WKH HVWLPDWHG FRYDULDQFH PDWUL[ SDUDPHWHUV )LJ (
GLVSOD\V D PDS RI WKH DYHUDJH YDULDQFH LQÁDWLRQ IDFWRUV ն LQ WKH PRGHO VXUIDFH OD\HU IRU )HEUX
DU\ DQG -XO\  DQG )LJ ( VKRZV KRZ WKH DYHUDJH YDULDQFH LQÁDWLRQ IDFWRU FKDQJHV RYHU
WLPH WKURXJK ÀYH PRQWKV RI &$0²/(7.) VLPXODWLRQV
7KHVH ÀJXUHV VKRZ VHYHUDO QRWDEOH SDWWHUQV WKUHH RI ZKLFK ZH GLVFXVV LQ PRUH GHWDLO )LUVW
WKH LQÁDWLRQ IDFWRUV LQ )LJ ( DUH KLJKHVW RYHU 1RUWK $PHULFD $VLD DQG $XVWUDOLD UHJLRQV ZLWK
UHODWLYHO\ DEXQGDQW PHWHRURORJLFDO REVHUYDWLRQV $ QXPEHU RI SUHYLRXV VWXGLHV FRQÀUP WKLV SRV
LWLYH UHODWLRQVKLS EHWZHHQ GDWD GHQVLW\ DQG FRYDULDQFH LQÁDWLRQ HJ $QGHUVRQ  0L\RVKL
 0L\RVKL 	 .XQLL  )XUWKHUPRUH 0L\RVKL  SRLQWV RXW WKDW D KLJK LQÁDWLRQ IDF

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Entire atmosphere
Spin-up period
)LJXUH ( 7LPH VHULHV RI WKH DYHUDJH YDULDQFH LQÁDWLRQ IDFWRUV ERWK DW WKH VXUIDFH DQG IRU DOO YHUWLFDO
PRGHO OHYHOV 7KH LQÁDWLRQ IDFWRUV VKRZ VRPH YDULDELOLW\ GXULQJ WKH PRGHO VSLQXS SHULRGV WKHQ VWDELOL]H
WR UHODWLYHO\ FRQVWDQW YDOXHV
WRU LQ REVHUYDWLRQULFK UHJLRQV PD\ FDXVH WKH HQVHPEOH VSUHDG WR EH WRR ODUJH GRZQZLQG 7KLV
H[SODQDWLRQ PD\ DFFRXQW IRU WKH DGMDFHQW UHJLRQV RI KLJK LQÁDWLRQ RYHU FRQWLQHQWV DQG ORZ LQ
ÁDWLRQ RYHU WKH RFHDQV LQ )LJ (
6HFRQG WKH JOREDO DYHUDJH RI WKH LQÁDWLRQ IDFWRUV LV OHVV WKDQ RQH )LJ ( (YHQ WKRXJK WKH
LQÁDWLRQ IDFWRUV RQ DYHUDJH GHFUHDVH WKH HQVHPEOH YDULDQFH WKH JOREDO HQVHPEOH YDULDQFH UH
PDLQV UHODWLYHO\ FRQVWDQW RYHU WLPH )RU H[DPSOH WKH DYHUDJH  KRXUO\ PRGHO HQVHPEOH VSUHDG
DW PHWHRURORJ\ REVHUYDWLRQ VLWHV LV FRPSDUDEOH LQ )HEUXDU\ -XQH DQG -XO\ ∼ P V− IRU ]RQDO
DQG PHULGLRQDO ZLQG VWDQGDUG GHYLDWLRQ ∼ . IRU VXUIDFH WHPSHUDWXUH DQG ∼ PE IRU VXU
IDFH SUHVVXUH 7KLV FRQVLVWHQF\ LQ VSLWH RI WKH VPDOO LQÁDWLRQ DYHUDJH PD\ EH GXH WR WKH QRQOLQ
HDU QDWXUH RI WKH PHWHRURORJLFDO PRGHO ² GLIIHUHQFHV DPRQJ LQGLYLGXDO HQVHPEOH PHPEHUV FDQ
HVFDODWH RU LQWHQVLI\ RYHU WKH KRXU PHWHRURORJ\ IRUHFDVW
$ WKLUG QRWDEOH IHDWXUH LV WKH ORZ LQÁDWLRQ YDOXHV RYHU HDVWHUQ WURSLFDO 3DFLÀF 2FHDQ 7KHVH
ORZ YDOXHV DUH LQWHQWLRQDO E\ GHVLJQ ZH VHW D YHU\ ORZ LQLWLDO HVWLPDWH IRU WKH YDULDQFH LQÁD
WLRQ LQ WKLV UHJLRQ RI WKH JOREH +LJKHU LQÁDWLRQ YDOXHV FDXVH WKH HQVHPEOH YDULDQFH WR LQFUHDVH
UDSLGO\ LQ WKLV UHJLRQ DQG OHDG WR XQSK\VLFDO WHPSHUDWXUH HVWLPDWHV QHDU WKH WURSRSDXVH 7KLV

LVVXH LV GXH WR DQ HQLJPDWLF WHPSHUDWXUH LQVWDELOLW\ LQ WKH PHWHRURORJLFDO PRGHO ,Q WKH IRUHFDVW
VWDJH RI WKH &$0PRGHO WKH HQVHPEOH·V WHPSHUDWXUH VSUHDG LQ WKLV UHJLRQ FDQ LQFUHDVH UDSLGO\ LI
WKH LQLWLDO FRQGLWLRQV LH WKH SRVWHULRU HQVHPEOH IURP WKH SUHYLRXV WLPH VWHS KDYH D VXIÀFLHQWO\
ODUJH VSUHDG
1RUPDOO\ RQH PLJKW H[SHFW WKH DGDSWLYH LQÁDWLRQ WR FRUUHFW IRU WKLV LVVXH WKH DGDSWLYH LQÁD
WLRQ DGMXVWV WKH YDULDQFH RI WKH PHWHRURORJ\ PRGHO HQVHPEOH WR PDWFK WKH DFWXDO PRGHOGDWD
UHVLGXDOV ,Q WKHRU\ WKLV SURFHGXUH VKRXOG SUHYHQW WKH HQVHPEOH VSUHDG IURP H[SORGLQJ JLYHQ
VXIÀFLHQW GDWD +RZHYHU WKH LQÁDWLRQ IDFWRU E\ GHVLJQ FDQQRW FKDQJH VXGGHQO\ IURP RQH WLPH
VWHS WR DQRWKHU 7KH DGDSWLYH LQÁDWLRQ SURFHGXUH XVHV WKH SUHYLRXV WLPH VWHS DV WKH SULRU LQÁD
WLRQ HVWLPDWH DQG WKDW SULRU HVWLPDWH KDV D ÀQLWH XQFHUWDLQW\ LQ WKLV FDVH D SULRU VWDQGDUG GHYLD
WLRQ RI  ² VLPLODU WR WKH YDOXHV XVHG E\ 0L\RVKL  %HFDXVH RI WKLV SULRU XQFHUWDLQW\ WKH
DGDSWLYH LQÁDWLRQ IDFWRU PXVW HYROYH VORZO\ RYHU PDQ\ GD\V LI LW FKDQJHV DW DOO ,Q PRVW FDVHV
WKLV SURSHUW\ LV GHVLUDEOH EHFDXVH LW SUHYHQWV D VPDOO QXPEHU RI REVHUYDWLRQV IURP PDNLQJ GUD
PDWLF FKDQJHV WR WKH HYROXWLRQ RI WKH PRGHOGDWD V\VWHP +RZHYHU LQ WKH FDVH RI WKLV WHPSHUD
WXUH LQVWDELOLW\ WKH LQVWDELOLW\ LQ WKH PRGHO GHYHORSV RYHU  PRGHO WLPH VWHSV PXFK IDVWHU WKDQ
WKH UHVSRQVH WLPH RI WKH DGDSWLYH LQÁDWLRQ IDFWRU
7KH DGDSWLYH LQÁDWLRQ SURFHGXUH UHTXLUHV DQ LQLWLDO LQÁDWLRQ HVWLPDWH IRU WKH ÀUVW WLPH VWHS
RI WKH PRGHO UXQ LH DQ LQLWLDO FRQGLWLRQ 7KH DGDSWLYH SURFHGXUH WKHQ XSGDWHV WKLV HVWLPDWH
DW WKH HDFK PRGHO WLPH VWHS HJ (T ( )RU WKLV LQLWLDO HVWLPDWH RU LQLWLDO FRQGLWLRQ ZH VHW
D VPDOO YDOXH  IRU WKH HTXDWRULDO ZHVWHUQ 3DFLÀF 'XULQJ WKH RQHPRQWK PRGHO VSLQXS SH
ULRG WKH HVWLPDWHG LQÁDWLRQ YDOXH HYROYHV VXEVWDQWLDOO\ IURP WKH LQLWLDO HVWLPDWH LQ PRVW UHJLRQV
RI WKH JOREH HJ )LJ ( 2YHU WKLV UHJLRQ RI WKH 3DFLÀF KRZHYHU WKH HVWLPDWHG LQÁDWLRQ IDF
WRU GRHV QRW HYROYH RU FKDQJH YHU\ PXFK HLWKHU WKLV LQLWLDO HVWLPDWH LV FRQVLVWHQW ZLWK WKH DFWXDO
PRGHOGDWD UHVLGXDOV RU WKH PHWHRURORJLFDO GDWD DQG WKH DGDSWLYH LQÁDWLRQ SURFHGXUH DUH QRW
YHU\ LQIRUPDWLYH RYHU WKH UHJLRQ ,Q HLWKHU FDVH WKLV VPDOO LQLWLDO FRQGLWLRQ SUHYHQWV WKH HQVHP

EOH VSUHDG IURP EHFRPLQJ XQVWDEOH RYHU WKH UHJLRQ
,Q DGGLWLRQ WR WKH FRYDULDQFH LQÁDWLRQ WKH QXJJHW YDULDQFH DOVR UHPDLQV FRQVLVWHQW RYHU WLPH
)LJ ( VKRZV WKH VTXDUH URRW RI WKH QXJJHW YDULDQFH IRU HDFK REVHUYDWLRQ W\SH DQG DW HDFK PRGHO
WLPH SHULRG 1RWH WKDW ZH HVWLPDWH GLIIHUHQW YDOXHV RI WKH QXJJHW YDULDQFHV E\ REVHUYDWLRQ W\SH
DQG WLPH EXW WKH HVWLPDWHG YDULDQFHV DUH VSDWLDOO\ FRQVWDQW DFURVV WKH JOREH 7KHVH HVWLPDWHV
UHPDLQ FRQVLVWHQW RYHU WLPH H[FHSW IRU WKH LQLWLDO -DQXDU\ VSLQXS SHULRG GXULQJ ZKLFK WKH HVWL
PDWH VORZO\ HYROYHV IURP WKH LQLWLDO JXHVV
( 8QFHUWDLQWLHV LQ DWPRVSKHULF &2 WUDQVSRUW
7KLV VHFWLRQ RI WKH VXSSOHPHQW SURYLGHV PRUH GHWDLOHG SORWV RI WKH &2 WUDQVSRUW XQFHUWDLQWLHV
VKRZQ LQ )LJ  RI WKH PDLQ DUWLFOH ,Q SDUWLFXODU WKH SORWV LQ WKLV VHFWLRQ )LJV ( ² ( YLVX
DOL]H WKH WUDQVSRUW XQFHUWDLQWLHV IRU GLIIHUHQW WLPH VOLFHV RI WKH GD\ DQG VKRZ KRZ &2 WUDQVSRUW
XQFHUWDLQWLHV GLIIHU EHWZHHQ GD\ DQG QLJKWWLPH 7KH ÀUVW WZR ÀJXUHV )LJV ( DQG ( GLVSOD\
WKH PHDQ  KRXUO\ &2 WUDQVSRUW XQFHUWDLQWLHV IRU )HEUXDU\ DQG -XO\  D VHWXS DQDORJRXV WR
)LJV DE LQ WKH PDLQ PDQXVFULSW &RQYHUVHO\ )LJV ( DQG ( H[KLELW WKH XQFHUWDLQWLHV LQ WKH
PRQWKORQJ PHDQ &2 FRQFHQWUDWLRQV DQDORJRXV WR )LJV FG LQ WKH PDLQ DUWLFOH
,Q JHQHUDO WKH  KRXUO\ XQFHUWDLQWLHV YDU\ ZLGHO\ GHSHQGLQJ RQ WKH ORFDO WLPH ZLWK KLJKHU
XQFHUWDLQWLHV DW QLJKW )LJV ( DQG ( 1RWH WKDW FDVH VWXG\ RQH LQ WKH PDLQ DUWLFOH VHFWLRQV
 DQG  RQO\ XVHV PRGHO RXWSXW DVVRFLDWHG ZLWK ORFDO DIWHUQRRQ &2 PHDVXUHPHQWV ,Q
FRQWUDVW WR WKHVH  KRXUO\ XQFHUWDLQWLHV WKH XQFHUWDLQWLHV LQ PRQWKO\PHDQ FRQFHQWUDWLRQV GR QRW
YDU\ DV PXFK E\ WLPH RI GD\ )LJV ( DQG ( )RU H[DPSOH RYHU 1RUWK $PHULFD DQG QRUWKHUQ
(XUDVLD LQ )HEUXDU\ WKH &2 XQFHUWDLQWLHV DUH HTXDOO\ KLJK GXULQJ DOO WLPHV RI GD\ +RZHYHU D
GLXUQDO F\FOH LQ WKH PRQWKORQJ XQFHUWDLQWLHV LV DSSDUHQW RYHU VRPH UHJLRQV ² HTXDWRULDO $IULFD
6RXWK $PHULFD DQG RYHU 1RUWKHUQ +HPLVSKHUH ODQG UHJLRQV LQ VXPPHU

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)LJXUH ( 8QFHUWDLQWLHV  FRQÀGHQFH LQWHUYDO LQ WKH PRQWKO\DYHUDJHG VXUIDFH &2 FRQFHQWUDWLRQV
IRU )HEUXDU\  7KLV ÀJXUH LV VLPLODU WR )LJV F LQ WKH PDLQ DUWLFOH H[FHSW WKH XQFHUWDLQWLHV DUH EURNHQ
GRZQ E\ WLPH RI GD\ IRU D  87& E  87& F  87& DQG G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)LJXUH ( 8QFHUWDLQWLHV LQ WKH PRQWKO\DYHUDJHG VXUIDFH &2 FRQFHQWUDWLRQV IRU -XO\ 

7KHVH WUDQVSRUW XQFHUWDLQWLHV DUH LQ WKH UDQJH RI WKH XQFHUWDLQWLHV HVWLPDWHG LQ D QXPEHU RI
SUHYLRXV VWXGLHV )RU H[DPSOH WKH VSDWLDO SDWWHUQV LQ WKH  KRXUO\ XQFHUWDLQWLHV DUH VLPLODU WR
WKRVH PRGHOHG E\ /LX HW DO  XVLQJ &$0/(7.) DQG WHPSHUDWXUHVFDOHG &2 ÁX[HV IURP
75$16&20  ,Q DGGLWLRQ D QXPEHU RI SUHYLRXV VWXGLHV IRFXVHG RQ WKH HIIHFWV RI SHUWXUELQJ
LQGLYLGXDO PHWHRURORJLFDO SDUDPHWHUV DW VSHFLÀF REVHUYDWLRQ VLWHV RU IRU LQGLYLGXDO DLUFUDIW FDP
SDLJQV HJ *HUELJ HW DO   /LQ 	 *HUELJ  .UHWVFKPHU HW DO  2XU  KRXUO\
WUDQVSRUW XQFHUWDLQWLHV WKRXJK YHU\ GLIIHUHQW LQ ERWK VFRSH DQG VFDOH DUH FRPSDUDEOH LQ PDJ
QLWXGH WR WKH LQGLYLGXDO SDUDPHWHU XQFHUWDLQWLHV HVWLPDWHG E\ *HUELJ HW DO  *HUELJ HW DO
 DQG .UHWVFKPHU HW DO  EXW DUH OHVV WKDQ WKH XQFHUWDLQWLHV LQ /LQ 	 *HUELJ 
)XUWKHUPRUH RXU HVWLPDWHG  KRXUO\ WUDQVSRUW XQFHUWDLQWLHV DOVR DSSHDU VLPLODU WR RU VOLJKWO\
VPDOOHU WKDQ WKH PRGHO²GDWD PLVPDWFK HUURUV HVWLPDWHG DW LQGLYLGXDO REVHUYDWLRQ VLWHV LQ VHY
HUDO LQYHUVLRQ VWXGLHV HJ 3HWHUV HW DO  6FKXK HW DO  *RXUGML HW DO  0RGHO²GDWD
PLVPDWFK LQFOXGHV QRW RQO\ WUDQVSRUW HUURUV EXW DOVR DQ\ PRGHO RU GDWD HUURUV XQUHODWHG WR DQ
LPSHUIHFW LQLWLDO ÁX[ HVWLPDWH 7KLV UHVXOW PD\ UHÁHFW WKH IDFW WKDW DWPRVSKHULF WUDQVSRUW RIWHQ
GRPLQDWHV PRGHOGDWD PLVPDWFK HUURUV
( &2 REVHUYDWLRQ VLWHV
7KLV VHFWLRQ OLVWV WKH JHRJUDSKLF ORFDWLRQV RI WKH PHDVXUHPHQW VLWHV XVHG IRU FDVH VWXG\ RQH LQ
WKH PDLQ DUWLFOH )LJV  1RWH WKDW WKLV FDVH VWXG\ GRHV QRW XVH DFWXDO GDWD IURP WKHVH RE
VHUYDWLRQ VLWHV RQO\ PRGHO RXWSXW JHQHUDWHG IRU WKHVH ORFDWLRQV 7KHVH REVHUYDWLRQ VLWH ORFDWLRQV
DUH DYDLODEOH IURP WKH *$:6,6 6WDWLRQ ,QIRUPDWLRQ 6\VWHP 0HWHR6ZLVV )HGHUDO 2IÀFH RI 0HWH
RURORJ\ DQG &OLPDWRORJ\  7KH VLWHV EHORZ DUH JURXSHG E\ HFRUHJLRQ DQG WKH UHJLRQV XVHG
KHUH DUH GHÀQHG E\ 2OVRQ HW DO 

7DEOH ( $ OLVW RI REVHUYDWLRQ VLWHV XVHG IRU WKH DQDO\VLV LQ )LJV  $OO PHDVXUHPHQW VLWHV DUH WRZHUV
XQOHVV RWKHUZLVH QRWHG
6LWH &RGH /DW ◦1 /RQ ◦ $OW P
(DVW $VLDQ WHPSHUDWH EURDGOHDI DQG PL[HG IRUHVWV
$QP\HRQGR .RUHD $0<   
*RVDQ .RUHD *61   
.LVDL -DSDQ .,6   
0LNDZD,FKLQRPL\D -DSDQ 0.:   
0RXQW 'RGDLUD -DSDQ ''5   
5\RUL -DSDQ 5<2   
(XURSHDQ WHPSHUDWH EURDGOHDI DQG PL[HG IRUHVWV
%LDO\VWRN 3RODQG %,.   
&HVDU 1HWKHUODQGV &%:   
'LDEOD *RUD 3RODQG ',*   
*LI VXU <YHWWH )UDQFH *,)   
+HJ\KDWVDO +XQJDU\ +81   
+HLGHOEHUJ *HUPDQ\ +(,   
+RKHQSHLVVHQEHUJ *HUPDQ\ +3%   
.ROOXPHUZDDUG 1HWKHUODQGV .0:   
0DFH +HDG ,UHODQG 0+'   
0RXVVDOD %XOJDULD %(2   
1HXJOREVRZ *HUPDQ\ 1*/   
1RUXQGD 6ZHGHQ 125   
2FKVHQNRSI *HUPDQ\ 2;.   

7DEOH ( &RQWLQXHG
2UOHDQV )UDQFH 751   
3X\ GH 'RPH )UDQFH 38<   
6FKDXLQVODQG *HUPDQ\ 66/   
7DOO 7RZHU $QJXV 8QLWHG .LQJGRP 77$   
1RUWK $PHULFDQ WHPSHUDWH EURDGOHDI DQG PL[HG IRUHVWV
$UJ\OH 0DLQH 86 $07   
%HHFK ,VODQG 6RXWK &DUROLQD 86 6&7   
(JEHUW 2QWDULR &DQDGD (*%   
3DUN )DOOV :LVFRQVLQ 86 WRZHUDLUFUDIW /()   
6KHQDQGRDK 1DWLRQDO 3DUN 9LUJLQLD 613   
:RUFKHVWHU 0DVVDFKXVHWWV 86 DLUFUDIW 1+$   
1RUWK $PHULFDQ ERUHDO IRUHVWV  WDLJD
&DQGOH /DNH 6DVN &DQDGD &'/   
&KLERXJPDX 4XHEHF &DQDGD &+0   
(DVW 7URXW /DNH 6DVN &DQDGD WRZHUDLUFUDIW (7/   
)UDVHUGDOH 2QWDULR &DQDGD )6'   
3RNHU )ODWV $ODVND 86 DLUFUDIW 3)$   
1RUWK $PHULFDQ WHPSHUDWH JUDVVODQGV VDYDQQDV DQG VKUXEODQGV
%HDYHU &URVVLQJ 1HEUDVND DLUFUDIW %1(   
%RQGYLOOH ,OOLQRLV 86 DLUFUDIW $$2   
%RXOGHU &RORUDGR 86 %$2   
%ULJJVGDOH &RORUDGR DLUFUDIW &$5   

7DEOH ( &RQWLQXHG
'DKOHQ 1RUWK 'DNRWD DLUFUDIW '1'   
/DF /D %LFKH $OEHUWD &DQDGD //%   
6RXWKHUQ *UHDW 3ODLQV 2NODKRPD 86 WRZHUDLUFUDIW 6*3   
0RRG\ 7H[DV 86 :.7   
:DOQXW *URYH &DOLIRUQLD 86 :*&   
:HVW %UDQFK ,RZD 86 WRZHU DQG DLUFUDIW :%,   
( &2 PRGHOGDWD FRPSDULVRQV
,Q WKLV SRUWLRQ RI WKH VXSSOHPHQW ZH VKRZ VHYHUDO &2 PRGHO DQG GDWD WLPH VHULHV IURP GLI
IHUHQW W\SHV RI REVHUYDWLRQ VLWHV )LJV ( ² ( 7KHVH SORWV LOOXVWUDWH WKH FDSDFLW\ RI &$0²
/(7.) SDLUHG ZLWK &DUERQ7UDFNHU ÁX[HV WR UHSURGXFH KRXUO\DYHUDJHG &2 REVHUYDWLRQV
)XUWKHUPRUH WKH SORWV SURYLGH JUHDWHU FRQWH[W RQ WKH &2 HQVHPEOH VSUHDG 7KH WRS SDQHO RI
HDFK ÀJXUH LOOXVWUDWHV WKH HQVHPEOH PHDQ DQG HQVHPEOH VSUHDG 7KH ERWWRP SDQHO VKRZV WKH
PRGHOHG &2 ERXQGDU\ OD\HU HQKDQFHPHQW ² PRGHOHG &2 DW WKH REVHUYDWLRQ VLWH PLQXV PRG
HOHG FRQFHQWUDWLRQV DW  K3D 7KLV HQKDQFHPHQW DSSUR[LPDWHV WKH &2 FRQWULEXWLRQ URP UH
JLRQDO VXUIDFH ÁX[HV 7KLV LQFUHPHQW LV XVHG IRU FDVH VWXG\ RQH LQ WKH PDLQ SDSHU VHFWLRQ 
,Q JHQHUDO WKH PRGHOHG FRQWULEXWLRQ RI UHJLRQDO ÁX[HV LV ODUJHVW GXULQJ VXPPHU ZKHUH ELR
VSKHUH XSWDNH LV VWURQJHVW HJ /() DQG $07

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)LJXUH ( 3DQHO D GLVSOD\V WKH KRXUO\DYHUDJHG &2 PHDVXUHPHQWV DW $UJ\OH WRZHU 0DLQH DQG WKH
PRGHOHG &2 WLPH VHULHV XVLQJ &$0²/(7.) DQG &DUERQ7UDFNHU ÁX[HV 3DQHO E VKRZV WKH HVWLPDWHG
FRQWULEXWLRQ RI UHJLRQDO &2 ÁX[HV DW WKH REVHUYDWLRQ VLWH +HUH ZH GHÀQH WKLV FRQWULEXWLRQ DV PRGHOHG
&2 DW WKH VXUIDFH PLQXV PRGHOHG &2 DW  K3D
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Argyle, Maine (AMT)
a) Model-measurement comparison
b) Modeled contribution of regional fluxes
Observations
Model ensemble
PHDQDQG
conf. interval
Contribution
)LJXUH ( 7KLV ÀJXUH LV DQDORJRXV WR )LJ ( EXW WKH $UJ\OH WRZHU LQ -XO\  1RWH WKDW WKH WRS SDQHO
RI HDFK WLPHVHULHV SORW )LJV (D² (D KDV D GLIIHUHQW \D[LV EXW WKH ERWWRP SDQHOV )LJV (E² (E
DOO KDYH WKH VDPH \²D[LV
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Barrow, Alaska (BRW)
a) Model-measurement comparison
b) Modeled contribution of regional fluxes Contribution
Observations
Model ensemble 
mean and 95%
conf. interval
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Barrow, Alaska
a) Model-measurement comparison
b) Modeled contribution of regional fluxes Contribution
Observations
Model ensemble 
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Park Falls, Wisconsin (LEF)
a) Model-measurement comparison
b) Modeled contribution of regional fluxes
Observations
Model ensemble 
mean and 95%
conf. interval
Contribution
)LJXUH (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Moody, Texas (WKT)
a) Model-measurement comparison
b) Modeled contribution of regional fluxes Contribution
Observations
Model ensemble
mean and 95%
conf. interval
)LJXUH ( 7KLV ÀJXUH LV DQDORJRXV WR )LJ ( EXW IRU 0RRG\ 7H[DV LQ )HEUXDU\ 

( 3ORWV RI PHWHRURORJLFDO YDULDEOHV DQG XQFHUWDLQWLHV
7KLV VHFWLRQ GHVFULEHV LQ JUHDWHU GHWDLO WKH PRQWKO\DYHUDJHG PHWHRURORJLFDO SDUDPHWHUV FRQ
VLGHUHG LQ WKH V\QWKHWLF WUDFHU H[SHULPHQW FDVH VWXG\ WZR VHFWLRQV  DQG  7DEOH 6 OLVWV
DOO RI WKH PHWHRURORJLFDO SDUDPHWHUV WKDW ZH FRPSDUH DJDLQVW WKH V\QWKHWLF WUDFHU &9 :H FRP
SDUH WKH V\QWKHWLF WUDFHU DJDLQVW WKH PRQWKO\DYHUDJHG PHWHRURORJLFDO SDUDPHWHUV WKH VWDQGDUG
GHYLDWLRQ LQ WKH PRQWKO\ PHDQ SDUDPHWHUV DQG WKH &9 RI HDFK PHWHRURORJLFDO SDUDPHWHU ² 
SDUDPHWHUV LQ WRWDO
)LJXUHV (( GLVSOD\ D QXPEHU RI PRQWKO\DYHUDJHG PHWHRURORJLFDO SDUDPHWHUV HVWLPDWHG
E\ &$0/(7.) ² ERWK WKRVH OLVWHG LQ VHFWLRQ  DQG VHYHUDO DGGLWLRQDO YDULDEOHV IRU UHIHU
HQFH )RU H[DPSOH WKHVH ÀJXUHV GLVSOD\ PRQWKO\ PHDQ ]RQDO DQG PHULGLRQDO ZLQGV DQG WKH
XQFHUWDLQWLHV VWDQGDUG GHYLDWLRQ )LJ ( 7KHVH XQFHUWDLQWLHV H[KLELW D QXPEHU RI SDWWHUQV
FRQVLVWHQW ZLWK ZHOONQRZQ PHVR DQG V\QRSWLFVFDOH FLUFXODWLRQ SDWWHUQV )RU H[DPSOH WKH XQ
FHUWDLQW\ LQ ]RQDO ZLQGV LV JHQHUDOO\ KLJKHU LQ PDQ\ FRDVWDO UHJLRQV LQFOXGLQJ WKH ZHVW FRDVW
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7DEOH 6 &DQGLGDWH PHWHRURORJLFDO YDULDEOHV
0HWHRURORJLFDO YDULDEOH $EEUHYLDWLRQ 8QLWV
9HUWLFDO YHORFLW\ ۙ 3D V−
9HUWLFDO YHORFLW\ DW K3D ۙ 3D V−
1HW ORQJZDYH ÁX[ DW WKH VXUIDFH )/16 : P−
'RZQZHOOLQJ VRODU ÁX[ DW VXUIDFH )6'6 : P−
1HW VRODU ÁX[ DW VXUIDFH )616 : P−
6RODU ÁX[ UHÁHFWHG IURP VXUIDFH )656 : P−
/LTXLG FORXG ZDWHU /&:$7 NJ NJ−
6XUIDFH ODWHQW KHDW ÁX[ /+)/; :P−
3ODQHWDU\ ERXQGDU\ OD\HU KHLJKW 3%/+ P
/DUJHVFDOH VWDEOH SUHFLSLWDWLRQ UDWH 35(&/ P V−
&RQYHFWLYH SUHFLSLWDWLRQ UDWH 35(&& P V−
6SHFLÀF KXPLGLW\ 4 NJ NJ−
5HODWLYH KXPLGLW\ 5(/+80 %
6XUIDFH VHQVLEOH KHDW ÁX[ 6+)/; :P−
1HW UDGLDWLYH ÁX[ DW VXUIDFH 65)5$' :P−
7HPSHUDWXUH 7 .
=RQDO ZLQG 8 P V−
0HULGLRQDO ZLQG 9 P V−
9HUWLFDO GLIIXVLRQ GLIIXVLYLW\ 9'' P V
7RWDO ZLQG YHORFLW\ ZLQG P V−
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